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SUMMARY 
This paper  o u t l i n e s  the s t r i n g e n t  m a t e r i a l s  requirements  associ- 
a t e d  with advanced p r o j e c t s  such a s  automotive thermal r e a c t o r s ,  jqt 
engines ,  space  s h u t t l e  and space nuc lea r  power systems. I l l u s t r a t i o n s  
a r e  presented  of r e c e n t  r e sea rch  i n  each of these a r e a s ,  emphasizing 
programs invo lv ing  e i the r  new m a t e r i a l s ,  t e s t  techniques ,  o r  methods 
o f  ana lys i s .  S p e c i f i c  r e s u l t s  a r e  c i t e d  f o r  metal and polymer matr ix  
m a t e r i a l s ,  d i spe r s ion  s t r eng then ing ,  d i r e c t i o n a l  s o l i d i f i c a t i o n ,  pow- 
d e r  meta l lurgy ,  and m a t e r i a l s  o f  novel  composition, Cryogenic f a t i g u e  
and f r a c t u r e ,  a s  w e l l  a s  h igh  temperature  c reep  and f a t i g u e  a r e  a l s a  
d iscussed ,  w i t h  the emphasis plpced on new f a c i l i t i e s  and new a n a l y t i -  
c a l  techniques t h a t  a r e  be ing  developed t o  t r e a t  these problems, The 
r e p o r t  also  emphasizes t h e  concept of technology t r a n s p o r t ,  meaning 
t h a t  m a t e r i a l s  r e sea rch ,  proper ly  documented, provides  a b a s e l i n e  f o r  
a p p l i c a t i o n s  o f t e n  unan t i c ipa t ed  when the research was c 
f a c t ,  t h e  o b j e c t i v e  of the  o r i g i n a l  research is sometimes n o t  met, b u t  
t h e  r e s u l t s  o f  the  r e sea rch  pay b e n e f i t s  i n  terms of o t h e r  l a t e r  app l i ca -  
t i o n s  
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INTRODUCTION 
I s  . 
, I  
’. , 
This  important  conference on t h e  mechanical behavior  of  mate- 
r i a l s  comes a t  a very appropr i a t e  t ime, The breadth  of t h e  s u b j e c t  
which i s  t o  be covered, t h e  U r g e  i n t e r n a t i o n a l  p a r t i c i p a t i o n ,  and 
t h e  overwhelming a t tendance ,  a l l  a t t e s t  t o  both t h e  need f o r  such a 
conference and t o  t h e  promise of  i t s  con t r ibu t ion  t o  p r e s s i n g  m a t e r i a l s  
problems t h a t  l i e  ahead o f  us. And l’ndeed, t hese  m a t e r i a l s  problems 
a r e  numerous, f o r  many advanced p r o j e c t s  i n  t h e  s e a ,  on land ,  i n  t h e  
a i r ,  and i n  space,  can be success fu l ly  accomplished o n l y  i f  s u i t a b l e  
m a t e r i a l s  become a v a i l a b l e  t o  f u l f i l l  t h e  most s t r i n g e n t  requirements ,  
and i f  engineer ing  methods a r e  developed t o  use these  m a t e r i a l s  i n  an 
e f f e c t i v e  and e f f i c i e n t  manner, For example, s t r i n g e n t  weight reduc- 
t i o n  requirements must be met f o r  VTOL and STOL a p p l i c a t i o n s ;  t h e  u t -  
most i n  m a t e r i a l  performance a n d  lowest p o s s i b l e  c o s t  a r e  t h e  
major cons ide ra t ions  f o r  a low-cost j e t  engine and f o r  automotive 
thermal r e a c t o r s ;  reusable  thermal p r o t e c t i o n  system m a t e r i a l s  t h a t  
can s a t i s f a c t o r i l y  r e s i s t  t he  severe h e a t i n g  problems imposed by re- 
en t ry  a r e  a key f a c t o r  i n  t h e  space s h u t t l e  concept. App l i ca t ions  
such a s ” t h e s e  o f t e n  ‘ requi re  a change i n  d i r e c t i o n  i n  e x i s t i n g  m a t e r i a l s  
r e sea rch  a r e a s .  I n - b t h e r  i tances  i n i t i a t i o n  of e n t i r e l y  new r e s e a r c h  
a r e a s  i s  needed. 
I j 1  
I 
~ - .. 
+ T  
. . . .  
I _  
, .  
I n  any case ,  m a t e r i a l s  w i l l  pace our advanced tech-  
nology, and Ute w i l l  be a b l e  t o  Bccomplish o n l y  what our  m a t e r i a l s  
. <  
permit us  t o  accomplish.‘ 
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I t  i s  my p l e a s a n t  duty t o  p r e s e n t  t h e  opening l e c t u r e  a t  t h i s  i m .  
pos ing  conference A g r e a t  range o f  s u b j e c t s  suggest  themselves around 
which t h e  l e c t u r e  can be s t r u c t u r e d  F o r  a lmost  anyth ing  s a i d  about 
mechanical behavior  of  m a t e r i a l s  w i l l  r e l a t e  appropr i a t e ly  t o  some 
segment o f  t h i s  conference s o  a l l - i n c l u s l b e  a r e  i t s  con ten t s  1. have 
t h e r e f o r e  chosen t o  d i v i d e  my t a l k  i n t o  two major headings 
F i r s - r .  1 s h a l l  t r y  t o  i l l u s t r a t e  some c u r r e n t  r e sea rch  i n  a r e a s  
p e r t i n e n t  t o  t h i s  Conference l i m i r i n g  myself t o  c o n t r i b u t i o n s  t h a t  
have r e c e n t l y  been made a t  my own l a b o r a t o r y  T do t h i s  because L am 
most f a m i l i a r  w i th  O U C  own re sea rch  and i n  o-?der no t  t o  gibe t h e  i m  
p r e s s i o n  t h a t  my con tex t  i s  chosen from t h e  f i e l d  a t  l a r g e  thereby  
avoid ing  p o s s i b l e  o f f e n s e  t o  i n v e s t i g a t o r s  whose c o n t r i b u t i o n s  a r e  not  
i n  c l  ude d 
Second i n  o r d e r  t o  emphasize t h e  va luz  o f  conferences o f  t h i s  
type 1: s h a l l  formulate  some o f  my i l l u s t r a t i o n s  i n  terms o f  what m i g h t  
be c a l l e d  a "technology t r anspor t ' '  p r i n c i p l e  By t h i s  E mean t h a t  
t echno log ica l  i n v e s t i g a t i o n s  conducted fo.2 one purpose may l a t e r  f i n d  
g r e a t  u se fu lness  i n  a p p l i c a t i o n s  no t  i n t ended  a t  t h e  t ime o f  t h e  s tudy 
The o r i g i n a l  goa ls  m i g h t  i n  f a c t  n o t  have been met, bu t  t h e  r e s u l t s  
may s t i l l  be u s e f u l  elsetvhere Conferences o f  t h i s  k ind  a r e  t h e r e f o r e  
very va luab le  i n  that  t h e y  p u t  the r e s u l t s  on r eco rd  f o r  whateber l a t e r  
use may a r i s e  
I n  o r d e r  t o  c a r r y  through t h i s  format  1 s h a l l  l i m i t  myself t o  
f o u r  a r e a s  of  a p p l i c a t i o n  1) Earth- o r i e n t e d  problems 2 )  a e r o n a u t i c s -  
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o r i e n t e d  problems, 3) space-or ien ted  problems , and 4) genera l  l i f e  
p r e d i c t i o n  methods t h a t  a r e  e s s e n t i a l l y  involved i n  a l l  o f  t hese  app l i -  
ca t ions .  
EARTH-ORIENTED PROBLEMS 
General 
L e t  me s t a r t  f irst  w i t h  ea r th -o r i en ted  problems. The quest ion 
m i g h t  a r i s e  i n  your minds a s  t o  why NASA should be a t  a l l  concerned 
wi th  ea r th -o r i en ted  problems. It  is ,  however, very common f o r  NASA to 
be involved i n ’ s u c h  problems because w e  cons ider  the a p p l i c a t i o n  of  
space-or iented technology t o  ea r th -o r i en ted  p r o j e c t s  t o  be one o f  our  
v i t a l  func t ions .  I n  c a r r y i n g  o u t  our  r e s p o n s i b i l i t i e s  i n  t h i s  r ega rd ,  
it is  o f t e n  necessary t o  have d i r e c t  p a r t i c i p a t i o n  of  our  s c i e n t i s t s  
and engineers  on r e sea rch  programs a f f i l i a t e d  wi th  o t h e r  pub l i c  and 
p r i v a t e  i n s t i t u t i o n s .  Therefore ,  wherever p o s s i b l e ,  and e s p e c i a l l y  
i f  it can be done w i t h  a minimum of  c o s t  and e f f o r t ,  w e  t r y  t o  c o n t r i -  
bu te  our  f a c i l i t i e s  and e x p e r t i s e  t o  t h e  s o l u t i o n  o f  problems r e l a t i n g  
ko t h e  p u b l i c  wel fa re .  
For example, we have made c o n t r i b u t i o n s  i n  h e a l t h  and i n  biomech- 
a n i c s  problems. A s  an i l l u s t r a t i o n  of an ea r th -o r i en ted  con t r ibu t ion  
i n  the f i e l d  of h e a l t h ,  1 m i g h t  c i t e  work t h a t  we have r e c e n t l y  done 
i n  connection wi th  t h e  r o l e  of t r a c e  meta ls  i n  n u t r i t i o n .  We have a t  
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l abora to ry  a very advanced spec t rographic  method t h a t  was developed 
f o r  t h e  r a p i d  determinat ion o f  t h e  c o n s t i t u e n t s  o f  m a t e r i a l s  ( r e f ,  1) e 
The technique can d e t e c t  1 b i l l i o n t h  o f  a gram (lo-' gram) o f  most 
meta ls  and can be a p p l i e d  t o  samples weighing a s  l i t t l e  a s  a f e w  micro- 
grams, Our primary i n t e r e s t  was t h e  r a p i d  determinat ion of  t h e  elemen- 
t a l  conten t  o f  a wide v a r i e t y  o f  a l l o y s  wi thout  t h e  need of  a s t anda rd  
sample, Because o f  i t s  s e n s i t i v i t y ,  t h e  technique i s  u s e f u l  i n  de t e r -  
mining p a r t s  p e r  b i l l i o n  (ppb) o f  t r a c e  impur i t i e s , .  We have found t h a t  
such minute con ten t s  can have l a r g e  e f f e c t s  on mechanical behavior  o f  
c e r t a i n  a l l o y s .  I n  n u t r i t i o n ,  t o o ,  it has  been found t h a t  a f e w  ppb 
o f  some meta ls  can have l a r g e  e f f e c t s ,  For  example, a t  t h e  Univers i ty  
o f  Colorado Medical School a t  Denver- a r e s e a r c h  phys ic ian  was i n t e r -  
e s t e d  i n  measuring t r a c e  element conten t  i n  t h e  range of  s e v e r a l  ppb 
i n  human body f l u i d s  i n  o r d e r  t o  de f ine  e f f i c i e n c y  l e v e l s  f o r  va r ious  
meta ls ,  p r imar i ly  chromium i n  r e l a t i o n  t o  d i abe te s .  He contac ted  o u r  
M r ,  William Gordon, who had developed t h e  s e n s i t i v e  spec t rog raph ic  
technique ,  and e n l i s t e d  h i s  p a r t i c i p a t i o n .  The method is now be ing  
used r o u t i n e l y  t o  monitor l e v e l s  of chromium and o t h e r  meta ls  i n  c l i n i -  
c a l  p a t i e n t s  
Bioloay and biomechanics a r e  a r e a s  w i t h i n  t h e  scope o f  the NASA 
c h a r t e r  because o f  t h e  importance of t h e s e  s u b j e c t s  i n  man's perform- 
ance i n  space,  Other NASA Centers  a r e  much more i n t i m a t e l y  involved 
i n  t h e s e  s u b j e c t s  than w e  a r e ,  b u t  we a l s o  a r e  con t r ibu t ing . .  Some o f  
our  c o n t r i b u t i o n s  a r e  outgrowths of ou r  m a t e r i a l s  r e s e a r c h  e f f o r t s ,  
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For example, t h e  Cleveland C l i n i c  r e c e n t l y  l e a r n e d  of  our u l t r a s o n i c  
f a c i l i t y  which was be ing  used t o  s tudy l i q u i d  meta l  c a v i t a t i o n .  A 
r e sea rch  phys ic ian  a t  t h e  C l i n i c  became i n t e r e s t e d  i n  t h e  use o f  u l t r a -  
son ic s  i n  t r e a t i n g  eye c a t a r a c t s  and asked f o r  our a s s i s t a n c e .  With 
r e l a t i v e l y  l i t t l e  e f f o r t ,  we were a b l e  t o  h e l p  h i m .  H i s  r e sea rch  i s  
s t i l l  cont inuing  and hopefu l ly  we s h a l l  a l l  b e n e f i t  from h i s  f ind ings .  
We have a l s o  a s s i s t e d  medical people i n  t h e  s tudy of t h e  mechanical 
a spec t s  of  a r t i f i c i a l  h e a r t  va lves  and o t h e r  components o f  t h e  human 
body. 
Ecology and p o l l u t i o n  have r e c e n t l y  become very common words. 
Obviously NASA i s  concerned wi th  gas p o l l u t i o n  and no i se  p o l l u t i o n  o f  
a i r c r a f t .  Because o f  t h e  e x p e r t i s e  o f  our  s t a f f  i n  problems of  com- 
bus t ion  and metal  usage, w e  have been asked by o t h e r  Government agen- 
c i e s  t o  a s s i s t  i n  t h e  s o l u t i o n  o f  o t h e r  p o l l u t i o n  problems a s  w e l l .  
One such e f f o r t  we a r e  making i s  t o  assist t h e  C i t y  of Cleveland i n  
mapping t h e  presence and o r i g i n  of va r ious  t o x i c  meta ls  i n  t h e  environ- 
ment. I n  another  program, we a r e  a s s i s t i n g  t h e  Environmental Protec-  
t i o n  Agency t o  ob ta in  a s o l u t i o n  t o  automotive exhaust  problems. I 
s h a l l  l a t e r  d i scuss  t h i s  e f f o r t  i n  d e t a i l .  
Regarding ecology, it is  w e l l  known t h a t  NASA i s  p repa r ing  an 
EARTH RESOURCES TECHNOLOGY SATELLITE (ERTS-A t o  be launched i n  1 9 7 2  
and ERTS-B i n  1973) .  Th i s  s a t e l l i t e  w i l l b e  used t o  make e a r t h  observa t ions  
which can h e l p  i n  e c o l o g i c a l  mat te rs .  Being l o c a t e d ,  a s  we a r e ,  i n  t h e  
Great  Lakes a r e a ,  we a r e  concerned w i t h  t h e  growth of  a lgae  i n  Lake Er ie .  
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We f e e l  that  s a t e l l i t e s  w i l l  permit  observa t ions  o f  c o l o r  g rada t ions  
t h a t  a r e  very r e v e a l i n g  of t h e  s t a t e  o f  marine l i f e  i n  ou r  l o c a l i t y ,  
Seve ra l  members of  our  staff  a r e  p a r t i c i p a t i n g  i n  the development o f  a 
remote r a p i d  eva lua t ion  system f o r  d e t e c t i n g  co lo r  grada t ions ,  The 
system may h e l p  us i n  e v a l u a t i n g  methods f o r  slowing down t h e  eu t rophi -  
ca t ion  o f  our  l ake ,  
We have a l s o  made s e r i o u s  a t tempts  t o  c o n t r i b u t e  t o  t h e  r e g i o n a l  
commerce o f  our  a rea .  For  example, t h e  s t r a t e g i c  l o c a t i o n  o f  t h e  Great  
Lakes i s  such t h a t  it s e r v e s  a geographical  area which produces 43% of 
our  gross  n a t i o n a l  product ,  Much of  t h i s  product  could p o s s i b l e  be 
shipped by way of t h e s e  Lakes, Yet t h i s  l a r g e  i n l a n d  body o f  water  i s  
c u r r e n t l y  used only 8 months of  t h e  y e a r  because of  ice hazards .  If 
we had a b e t t e r  understanding o f  t h e  o r i g i n  o f  t h e  i c e  and t h e  types  
o f  i c e  involved,  w e  m i g h t  be a b l e  t o  determine optimum ice-breaking  
r o u t e s  and thereby ex tend  the sh ipping  season,  even tua l ly  t o  the e n t i r e  
year ,  The EARTH RESOUCES SATELLITE, hope fu l ly ,  w i l l  provide u s  w i t h  
much u s e f u l  information t o  he lp  achieve t h i s  goal.  Recently we have 
a l s o  p a r t i c i p a t e d  i n  the design o f  a l a r g e  j e t p o r t  t h a t  m i g h t  be lo -  
ca t ed  i n  Lake E r i e  a s  a means of  extending a i r  t r a n s p o r t a t i o n  t o  
Cleveland t o  t h e  l a r g e  surrounding geographical  a r e a ,  
The Automotive Thermal Reactor  
I s h a l l  now e l a b o r a t e  on a s p e c i f i c  ea r th -o r i en ted  m a t e r i a l s  pro- 
g r a m  w e  are conducting i n  o rde r  t o  a s s i s t  the Environmental P r o t e c t i o n  
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Agency. A l l  of u s  a r e  concerned w i t h  t h e  exhaust  t h a t  comes o u t  of 
automobiles,  and how it p o l l u t e s  t h e  environment. We w e l l  knowa tha t  
i f  t h e  combustion could be c a r r i e d  t o  a g r e a t e r  degree of completion 
t h e r e  would be fewer p o l l u t a n t s  i n  t h e  exhaust gas. One o f  t h e  ways 
B 
i n  which we a r e  a t t empt ing  t o  combat t h i s  problem, t h e r e f o r e ,  i s  t o  
provide an a f t e r b u r n e r  (thermal r e a c t o r )  t o  r ep lace  t h e  exhaust  mani- 
fo ld .  Here t h e  exhaust gases can be burned more completely,  reducing 
t h e  products  of combustion t o  a l e s s  noxious form. Many problems a r e  
involved i n  th i s  approach, r e l a t i n g  l a r g e l y  t o  h igh  temperatures  de- 
veloped when the  combustion is c a r r i e d  t o  a h ighe r  degree o f  comple- 
t i on .  
Our work in t h i s  a r e a  i s  be ing  done under t h e  l eade r sh ip  o f  
Neal Saunders and Charles  Blankenship ( r e f .  2) .  Figure 1 shows a 
schematic diagram of  a thermal r e a c t o r  we a r e  studying. It  r e p l a c e s  
t h e  exhaust  manifold and se rves  as  a combustion chamber where gases 
such as CO a r e  f u r t h e r  burned t o  produce C 0 2 .  
course r e s u l t s  i n  h igh  metal  temperatures.  
t h e  requirements  and problems involved. 
The added burning,  of  
Table  I o u t l i n e s  some of  
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TABLE 1 - FACTORS AFFECTING MATERIALS SELECTION 
FOR AUTOMOBILE THERMAL REACTORS 
HIGH COMBUSTION TEMPERATURE 
870' t o  1040°C (1600° t o  1900OF) i n  o rd ina ry  ope ra t ion  
1 2 6 O O C  (230OOF) under spark-out  condi t ions  
LONG CYCLIC LIFETIME 
50,000 t o  100 ,000  mi le  l i f e  
1 0 , 0 0 0  t o  20,000 engine on-off cyc le s  
SEVERE CORROSION AND EROSION CONDITIONS 
High temperature ox ida t ion  
Erosion from exhaust  gas p a r t i c u l a t e s  
Chemical a t t a c k  from f u e l  c o n s t i t u e n t s  
LOW COST 
Less  than $50 f o r  assembly 
Easy f a b r i c a t i o n  and assembly 
Use o f  r e l a t i v e l y  a v a i l a b l e  m a t e r i a l s  
A s  can be seen i n  Table I ,  temperatures  i n  t h e  neighborhood o f  870° t o  
1040°C (1600' t o  P900°F) a r e  developed under normal d r i v i n g  cond i t ions ,  
and temperatures  a s  h igh  a s  126OoC (23OOOF) must be wi ths tood  f o r  s h o r t  
pe r iods  du r ing  emergency, The u n i t  must be a b l e  t o  surv ive  between 
50,000 t o  100 ,000  mi l e s  o f  l i f e ,  i nc lud ing ,  of  course,  t h e  thermal  
f a t i g u e  a s s o c i a t e d  w i t h  s t a r t i n g  and s topping ,  The very h igh  tempera- 
t u r e s  involved  r e s u l t  i n  ox ida t ion  o f  the r e a c t o r  m a t e r i a l ,  e ros ion  
from t h e  exhaust  gas p a r t i c u l a t e s ,  and chemical a t t a c k  from the f u e l  
c o n s t i t u e n t s ,  
a r e  the requirements  that  the r e a c t o r s  be of  low c o s t ,  be r e l a t i v e l y  
easy t o  f a b r i c a t e  and assemble, and n o t  r e q u i r e  s t r a t e g i c  m a t e r i a l s  
t h a t  could become unava i l ab le  when mul t i -mi l l ion  u n i t s  a r e  b u i l t  each 
year.  F igure  2 shows some of the r e s u l t s  w e  have obta ined  t o  d a t e  i n  
Superimposed on t h e  mechanical and m e t a l l u r g i c a l  problems 
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an engine program we a re  conducting (ref,  3) i n  cooperat ion wi th  the 
Environmental P ro tec t ion  Agency, F u l l  s i ze  r e a c t o r s  f a b r i c a t e d  from 
several candida te  materials are b e i n g  eva lua ted ,  I n  t h e  upper p a r t  
o f  the figure w e  see the temperature  v a r i a t i o n  f o r  several se rv ice  
func t ions  and the t e s t  cyc le  t h a t  i s  be ing  used i n  the s tudy  t o  evalu- 
a t e  the performance o f  r e a c t o r  materials,  I n  the lower ha l f  o f  the 
f i g u r e  i s  shown t h e  weight l o s s  of f u l l  s i z e  r e a c t o r  cores  a s  a 
func t ion  of exposure t i m e ,  Note t h a t  t h e  AISI 310 s t a i n l e s s  s t e e l  
and coated AISI 651 s t a i n l e s s  s t e e l  a r e  n o t  s a t i s f a c t o r y  because 
of  l a r g e  weight l o s s e s  i n  very s h o r t  per iods  of t ime. The most pro- 
mising a l l o y s  i n  our  s tudy ,  Inconel  601 and GE 1541, exh ib i t ed  
e x c e l l e n t  ox ida t ion  r e s i s t a n c e  through 600 hours  of exposure. In-  
cone1 6 0 1  i s  a n i c k e l  base  a l l o y ,  and might present  a problem f o r  
r e a c t o r  use because of t h e  l i m i t e d  a v a i l a b i l i t y  of n i c k e l  when con- 
s i d e r i n g  l a r g e  m a t e r i a l  q u a n t i t i e s  a s soc ia t ed  wi th  mul t i -mi l l ion  
u n i t  requirements.  The GE 15Q1 a l loy ,on  t h e  o t h e r  hand , i s  an i r o n  
base a l l o y  conta in ing  only 1 5  percent  chromium, 4 percent  aluminum, 
and about 1 / 2  percent  y t t r i um.  It should not  be  i n f e r r e d ,  of course ,  
t h a t  e i t h e r  of t h e s e  a l l o y s  is t h e  f i n a l  s u c c e s s f u l  candida te .  I n  
f a c t ,  we a r e  s tudying  many d i f f e r e n t  approaches ' t o  t h e  problem. For  
example, we a r e  looking  a t  o t h e r  a l l o y s  and coa t ings  a s  wel l  a s  t h e  
use of non-metal l ic  m a t e r i a l s  f o r  t h i s  app l i ca t ion .  A t  t h i s  t i m e  
t h e  da ta  i n  f i g u r e  2 suggest  only t h a t  t h e r e  a r e  p o t e n t i a l  candi- 
d a t e  m a t e r i a l s  which may be used s u c c e s s f u l l y  i n  a thermal  r e a c t o r ,  
11 
b u t  no f i n a l  conclusions can be  reached u n t i l  t h e  s tudy  is  complete. 
F igu re  2 a l s o  enab le s  m e  t o  provide my f i r s t  i l l u s t r a t i o n  of 
t h e  technology t r a n s p o r t  p r i n c i p l e  mentioned e a r l i e r .  The GE 1541 
a l l o y  was n o t  developed o r i g i n a l l y  f o r  t h i s  a p p l i c a t i o n  a t  a l l .  It 
was developed by t h e  General E l e c t r i c  Company under c o n t r a c t  wi th  
t h e  Atomic Energy Commission f o r  an a l t o g e t h e r  d i f f e r e n t  a p p l i c a t i o n .  
What was needed was a f e r r i t i c  a l l o y  capable of r e s i s t i n g  a steam 
environment, and t h i s  a l l o y  r e s u l t e d .  It was never  app l i ed  exten- 
s i v e f y  f o r  t h e  purpose f o r  which it was developed, however, because 
of a change i n  d i r e c t i o n  of t h e  program wi th  which it was connected. 
When t h e  automotive thermal  r e a c t o r  a p p l i c a t i o n  a r o s e ,  t h e  m a t e r i a l  
w a s  a v a i l a b l e  f o r  p o s s i b l e  use.  The va lue  of t h e  r e sea rch  i n v e s t e d  
i n  t h e  m a t e r i a l  was conserved. It  might be  mentioned t h a t  t h e  sma l l  
con ten t  of y t t r i u m  included i n  t h e  a l l o y  t o  promote oxide adherence, 
may n o t  be  a necessary i n g r e d i e n t  f o r  t h e  automotive a p p l i c a t i o n .  
We a r e  s tudying  t h i s  m a t t e r  f u r t h e r .  I n  any c a s e ,  w e  a r e  h e i r s  t o  
a m a t e r i a l  developed f o r  one purpose, b u t  of p o t e n t i a l  usefu lness  
i n  an  a l t o g e t h e r  d i f f e r e n t  a p p l i c a t i o n .  
AERONAUTICS-ORIENTED PROBLEMS 
The provis ion  of s u i t a b l e  m a t e r i a l s  f o r  a e r o n a u t i c s  a p p l i c a t i o n  
is n o t  new, b u t  it remains of utmost importance d e s p i t e  t h e  many 
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y e a r s  of r e s e a r c h  e f f o r t  i n  t h i s  a r e a .  Among t h e  m a t e r i a l s  problems 
a r e  t h o s e  concerned wi th  VTOL and STOL a p p l i c a t i o n s ,  t h e  provis ion 
of a low c o s t  j e t  engine,  and t h e  achievement of a q u i e t  engine.  
To i l l u s t r a t e  ae ronau t i c s  problems i n  which w e  a r e  c u r r e n t l y  
engaged, I s h a l l  draw on m a t e r i a l s  r e sea rch  r e c e n t l y  conducted f o r  
j e t  engine a p p l i c a t i o n s ,  s p e c i f i c a l l y  composite compressor b l a d e s ,  
i n t e rmed ia t e  and high temperature a l l o y s  f o r  d i s k s  and t u r b i n e  blad-  
i n g ,  and problems a s s o c i a t e d  with ox ida t ion  and co r ros ion  of t h e  
m a t e r i a l s  used i n  t h e  high temperature  po r t ions  of t h e  engine.  
A j e t  engine is a h e a t  engine ,  and t h e  h igher  t h e  working tem- 
pe ra tu re  t h e  higher  is t h e  e f f i c i e n c y  and spec i f i c  o u t p u t . '  For 
example, a 200°C i n c r e a s e  i n  t h e  i n l e t  g a s  temperature t o  t h e  t u r -  
b i n e  of a j e t  engine can r e s u l t  i n  an increase i n  spec i f i c  t h r u s t  
of t h e  o rde r  of 30 percent  f o r  a cons t an t  va lue  of spec i f ic  f u e l  
consumption. Therefore ,  we seek  t h e  h i g h e s t  temperatures  poss ib le .  
And high t u r b i n e  i n l e t  gas  temperatures ,  t o g e t h e r  with high a i r p l a n e  
v e l o c i t y  mean h igher  temperature  throughout t h e  e n t i r e  engine.  
Composite Compressor Blades 
Compressor b l ades  a r e  l a r g e ,  t h e y  must be r i g i d ,  they  must s u s t a i n  
moderately high temperatures ,  and t h e y  must be l i g h t  because of 
c e n t r i f u g a l  l oad ing ,  and a i rbo rne  s e r v i c e .  Some work has  a l r eady  
been conducted on composite b l a d e s ,  us ing  m e t a l l i c  and non-metal l ic  
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f i b e r s  and ma t r i ces ,  To d a t e  the most advanced composites have in-  
volved epoxy r e s i n  ma t r ix  materials, But these composites are only 
capable  of wi ths t and ing  continuous use temperatures  of  about 149OC 
(3OOOF). Higher tempera tures ,  o f  the o r d e r  o f  26OoC (500OFj o r  316OC 
(600OF) a r e  d e s i r e d ,  b u t  t o  accomplish t h i s  goa l  advanced r e s e a r c h  i s  
needed, Seve ra l  d i f f e r e n t  t ypes  of  h igh  temperature  r e s i s t s n t  r e s i n s  
a r e  p o s s i b l e  ( r e f ,  4)\ among them a c l a s s  descr ibed  a s  "condensation" 
type  polyimides.  These can s u s t a i n  h igh  temperutures ,  b u t  involve  
some problems, as de r ived  from the charx ter i s t ics  shown i n  Table  11, 
TABLE I1 - CHARACTERISTICS OF POLYIMIDE RESINS 
I 1 I r .' 
Condensation Addit ion Type 
[Prepolvmer) 
High Bo i l ing ,  
Po la r  So lven t ,  
Toxic 
20 - 40 
M e  diwn 
F a i r  t o  Poor 
,i 
Addi t ion Type 
Mo nome rl 
Alcohols 
Nontoxic 
60  - 70 
2 
I 
I 
- 
Low 
Exce l l en t  
- 
I Exce l l en t  i h E x c e l l e n t  r Very Poor I P r o c e s s a b i l i t y  
The condensation type  polyimide,  because of  i t s  l a r g e  chain- length 
cons t ruc t ion ,  r e q u i r e s  a l a r g e  q u a n t i t y  o f  high b o i l i n g  s o l v e n t ,  
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which is a l s o  t o x i c .  The requirement t o  remove t h e  s o l v e n t ,  and 
t h e  water r e l e a s e d  dur ing  imid iza t ion  r e s u l t s  i n  po ros i ty  t h a t  is 
de t r imen ta l  t o  mechanical p r o p e r t i e s  of t h e  composite ( r e f .  5).  
During evaporat ion of t h e  s o l v e n t  some premature formation of  t h e  
thermally s t a b l e  imide r i n g s  can occur conver t ing  t h e  polymer i n t o  
an i n f u s i b l e  cond i t ion .  Fu r the r  removal of v o l a t i l e s  and conso l i -  
d a t i o n  dur ing  f i n a l  processing is  extremely d i f f i c u l t  - r e s u l t i n g  
i n  high p o r o s i t y ,  .as much a s  l0-15%. I n  a d d i t i o n ,  high v i s c o s i t y  
prevents  good w e t t i n g  of  t h e  f i b e r s  by impeding f l u i d  f low i n t o  t h e  
i n t e r s t i c e s  of t h e  very f i n e  f i b e r s  dur ing  impregnation. 
The addi t ion-type polyimides avoid many-of t h e  problems a s soc i -  
a t e d  with the- condensation t y p e s ,  a s  may be seen  from Table 11. Two 
c l a s s e s  have been s t u d i e d  - t h e  in t e rmed ia t e  chain-length prepolymer 
t y p e ,  and t h e  very sma l l  cha in  ( e s s e n t i a l l y )  monomer type .  Both 
show g r e a t  improvement over t h e  condensation t y p e ,  e s p e c i a l l y  s o  
t h e  monomer v a r i e t y ,  which avoids t o x i c i t y  and low s o l u b i l i t y  prob- 
lems, and has  low v i s c o s i t y  and e x c e l l e n t  p r o c e s s i b i l i t y  ( r e f .  6 ) .  
It is  a l s o  extremely s t a b l e  i n  s o l u t i o n ,  which is r e f l e c t e d  i n  good 
s h e l f  l i f e ,  compared t o  t h e  prepolymer type .  
A t  t h i s  po in t  I can again invoke our technology t r a n s p o r t  
p r i n c i p l e .  The polymer w e  have r e c e n t l y  s t u d i e d  wi th  cons iderable  
success is designated PLOP. It was o r i g i n a l l y  developed by TRW, 
under c o n t r a c t  t o  NASA, when our i n t e r e s t  was i n  a b l a t i v e  m a t e r i a l s ,  
f o r  p o s s i b l e  use i n  rocke t  exhaust nozz les .  It was no t  an outs tanding  
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m a t e r i a l  f o r  t h i s  purpose, b u t  i t s  c h a r a c t e r i s t i c s  were documented 
and t h e  m a t e r i a l  was se t  a s i d e  f o r  l a t e r  use.  I n t e r e s t  rev ived  when 
w e  needed a high temperature  lamina t ing  p l a s t i c ,  f o r  which purpose 
it proved t o  be very use fu l .  Most of our  r e sea rch  was conducted on 
t h e  TRW prepolymer m a t e r i a l ,  b u t  t h e  monomer v a r i e t y  was l a t e r  
introduced by T T %  S e r a f i n i  and h i s  a s s o c i a t e s  a t  our Center 
i n  order  t o  overcome t h e  l i m i t a t i o n s  of t h e  prepolymer d iscussed  
above and o u t l i n e d  i n  Table I1 
Figure  3 shows some t e s t  r e s u l t s  wi th  a composite made from 
t h e  prepolymer v a r i e t y  PlOP (using t h e  g r a p h i t e  F o r t a f i l  51r a s  a 
r e i n f o r c i n g  f i b e r ) ,  The f l e x u r a l  s t r e n g t h  i s  p l o t t e d  a s  a f u n c t i o n  
of exposure t i m e  f o r  tempera tures  of 260 and 3 1 6 O C  (500 and 60OOF). 
A t  26OoC (500°F), t h e r e  is a c t u a l l y  a smal l  i nc rease  i n  s t r e n g t h  
dur ing  exposure (due probably t o  a d d i t i o n a l  c u r i n g ) ,  and h igh  s t r e n g t h  
is maintained f o r  a t  l e a s t  1000 hours  (end of t e s t ; .  
t h e  h ighe r  s t r e n g t h  is reached almost immediately, b u t  t h e  s t r e n g t h  
decreases  wi th  exposure t ime.  About 80 percent  of i t s  s t r e n g t h  is 
r e t a i n e d  f o r  about 400 hours;  t h e r e f o r e ,  t h e  m a t e r i a l  i s  s u i t a b l e  
p r i n c i p a l l y  f o r  s h o r t  b u r s t s  of power t o  tempera tures  a s  h igh  a s  
316OC (60OOF). 
p l a s t i c s  today ,  a r e  l i m i t e d  t o  tempera tures  of about 1 4 9 O C  (3OO0F), 
it is  seen  t h a t  t h e  PlOP system r e p r e s e n t s  a s i g n i f i c a n t  advance 
over t h e  s t a t e - o f - t h e - a r t  
A t  316OC (600°F]8, 
Since t h e  epoxies ,  which a r e  t h e  commonly used 
Most of our  e a r l y  work i n  PlOP was done on t h e  prepolymer form, 
F ig .  3 ,  f o r  example In  our l a t e r  work t h e  monomer was introduced 
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because of i t s  advantages. To determine whether t h e  use of mono- 
meric r e a c t a n t s  r e s u l t e d  i n  composites having i n f e r i o r  p r o p e r t i e s ,  
a s e r i e s  of d u p l i c a t e  tests was conducted u s i n g  both forms. The 
resu l t s  a r e  shown i n  F igu re  4,  which shows weight l o s s  and i n t e r -  
laminar s h e a r  da t a  f o r  t h e s e  m a t e r i a l s .  It is  seen  t h a t  t h e  pro- 
p e r t i e s  a r e  t h e  same whether t h e  monomer o r  prepolymer is used. 
Thus, because of t h e  advantages of t h e  monomer approach o u t l i n e d  
i n  Table 11, our  f u t u r e  work w i l l  be concentrated on t h e  
monomeric r e a c t a n t s .  
M a t e r i a l s  f o r  t h e  In te rmedia te  Temperature Range 
The in t e rmed ia t e  temperature range i n  t h e  v i c i n i t y  of 649OC 
( 1 2 O O O F )  i s  of s p e c i a l  i n t e r e s t  i n  t h e  gas  t u r b i n e  engine because 
t h i s  i s  an  important opera t ing  temperature  range f o r  t h e  t u r b i n e  
d i sk .  A need e x i s t s  f o r  s t r o n g e r  f a b r i c a b l e  m a t e r i a l s  f o r  t h i s  
a p p l i c a t i o n .  One approach w e  have fol lowed involves  t h e  use  of 
pre-alloyed powder metallurgy. 
F i r s t ,  l e t  m e  o u t l i n e  t h e  process  f o r  preparing t h e  prea l loyed  
powder m a t e r i a l .  A schematic diagram is shown i n  Figure 5. The 
raw m a t e r i a l s  f o r  t h e  a l l o y  a r e  vacuum melted. When t h e  melt i s  
poured t h e  molten metal  is atomized by means of i n e r t  gas  j e t s .  
The r a p i d  cool ing  r a t e  of t h e  atomized metal  d r o p l e t s  produces a 
very f i n e  powder t h a t  is very  uniform i n  composition. This  powder 
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i s  t h e n  c o l l e c t e d ,  s i z e d ,  and consol ida ted  by e x t r u s i o n  or hot -  
p r e s s i n g  and can t h e n  be  s u b j e c t e d  t o  any d e s i r e d  hea t  t rea tment  
The important  c h a r a c t e r i s t i c s  of t h i s  mater ia1  a r e .  
a )  i ts very f i n e  g r a i n  s i z e  which promotes high s t r e n g t h  a t  
room temperature  and i n  t h e  i n t e r m e d i a t e  temperature  range 
b j u n i f  ormiry of tLe micr oconst  i tuents  ~ i n  cont r  a s t  t o  c o a r s e  
s e g r e g a t i o n s  a s s o c i a t e d  wi th  c a s t  i n g o t s  Maximum usage 
of  t h e  a l l o y i n g  c o n s t i t u e n t s  i s  t h u s  accomplished, aga in  
promoting st L ength 
Some r e s u l t s  t h a t  have been obta ined  by  J C. Ereche and h i s  
co-workers a t  our  l a b o r a t o r )  a r e  shown i n  Figure 6 .  The a l l o y  is  
TAZ-SA, which is a n i c k e l  base m a t e r i a l ,  c o n t a i n i n g  a number of 
a l l o y i n g  c o n s t i t u e n t s  i n c l u d i n g  tantalum: aluminum and zirconium 
(ref 71  Note t h a t  f o r  tempera tures  up t o  649OC (lLOO°Fj, t h e  
extruded powder product i s  n e a r l y  twice a s  s t r o n g  a s  t h e  a s - c a s t  
m a t e r i a l  of t h e  same composition (ref S j  A t  t empera tures  above 
7 6 0 O C  (1400OFj, t h e  a s -cas t  m a t e r i a l  is s t r o n g e r ,  however, because 
coa r se  g r a i n s  ( smal l  g r a i n  boundary s u r f a c e  a r e a )  promote s t r e n g t h  
i n  t h e  h igh  temperature  range where t h e  g r a i n  boundaries  a r e  weak 
Note a l s o  from Figure  6 t h a t  entremel5 high t e n s i l e  e l o n g a t i o n s  can  
be obta ined  a t  t empera tures  above 927OC ( 1 7 O O O F ) .  The s i g n i f i c a n c e  
of t h i s  " s u p e r - p l a s t i c i t y "  can be seen i n  F i g u r e  7 where a 2 ,54  c m  
(1- inchj  t e s t  specimen is seen t o  have been entended t o  a l e n g t h  
g r e a t e r  t h a n  1 5 . 2  c m  ( 6  inches)  a f t e r  t e s t  a t  103S°C (1900OF). 
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Figure  8 dramat i ca l ly  demonstrates the p o t e n t i a l  p r a c t i c a l  u t i l i t y  
of  the s u p e r p l a s t i c  character is t ics  o f  p rea l loyed  powder products .  
Shown here i s  a powder meta l lurgy  TAZ-8A t u r b i n e  b l ade  which was forged 
i n  a d i e  made from the same TAZ-8A a l l o y ,  However, the d i e  was a 
cast product ,  and t h u s  d i d  no t  deform while p r e s s i n g  the powder m a t e r i a l  
t o  shape. The o p p o r t u n i t i e s  f o r  inexpensive and p r e c i s e  forming of 
pawder meta l lurgy  p a r t s  a r e ,  o f  course ,  very  e n t i c i n g ,  
A f u r t h e r  example o f  the use fu lness  o f  the  p rea l loyed  powder 
approach i s  shown i n  F igure  9 ( r e f .  9 ) .  Here the a l l o y  is VI-A, a l s o  
n i c k e l  base ,  w i t h  numerous a l l o y i n g  add i t ions ,  I t  w a s  developed 
j o i n t l y  by NASA and TRW. Conventional wrought a l l o y s  are i n h e r e n t l y  
l i m i t e d  i n  a l l o y i n g  con ten t  because of  s eg rega t ion  and because o f  the 
d i f f i c u l t y  i n  deforming very s t rong ,  h igh ly  a l l o y e d  materials, Pre- 
a l loyed  powder techniques  a f f o r d  u s  t h e  oppor tun i ty  t o  form h i g h l y  
a l loyed  materials. 
s t r o n g  a t  high temperatures;  it was t h e r e f o r e  o f  i n t e r e s t  t o  u s  t o  
determine i f  it could be used a s  a basis f o r  a s t r o n g e r  in t e rmed ia t e  
S ince  VI-A has a high a l l o y  con ten t  it i s  extremely 
temperature  a l l o y  than  c u r r e n t  wrought products .  As shown i n  F igure  
9 ,  a s t r e n g t h  of  1620 MNi/m2 (235 k s i )  w a s  achieved a t  649OC (1200°F), 
which is a 43 percent  i n c r e a s e  i n  s t rength o v e r . t h e  cast a l l o y  a t  
t h i s  temperature ,  and t o  ou r  knowledge a s u b s t a n t i a l  i n c r e a s e  over  the 
s t r o n g e s t  wrought a l l o y  a t  649OC ( 1 2 O O O F )  i n  u se  today. Note a l s o  
t ha t  s u p e r p l a s t i c i t y  w a s  developed i n  t h i s  a l l o y  a t  1093OC (20OO0F). 
We are pu r su ing  ou r  s t u d i e s  w i t h  t h i s  a l l o y  t o  determine methods of  
1 9  
of i n c r e a s i n g  t h e  s t r e n g t h  of p rea l loyed  powder products  a t  h igh  
temperatures ,  t h u s  t a k i n g  full advantage of t h e  seg rega t ion - f r ee  
s t r u c t u r e s  ob ta ined  i n  t h i s  way, 
W 
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M a t e r i a l s  for t h e  High Temperature Range 
I A1 Z r  C N i  
- 1-6 O"10 - 0,20 B a 1  6 - 7  
The temperature  range above 927 t o  982OC (1700 t o  18OOOF)  i s  of 
g r e a t  i n t e r e s t  t o  u s  for t u r b i n e  s t a t o r  vanzs and f o r  the t u r b i n e  
b l ades  of e a r l y  s t a g e s  of  advanced engines,  
approaches, which I s h a l l  now o u t l i n e ,  
We are pursu ing  s e v e r a l  
Compositional v a r i a t i o n s  - It is n a t u r a l  t o  look t o  t h e  r e f r a c -  
t o r y  meta ls ,  because of t h e i r  h ighe r  me l t ing  p o i n t ,  a s  a b a s i s  for 
a l l o y s  s u i t a b l e  i n  t h e  h igh  temperature range, We a r e ,  indeed, 
working on chromium, molybdenum, and tungs ten  base  a l loys , ,  Needless 
t o  say ,  such a l l o y s  encounter  problems of ox ida t ion  and embri t t lement ,  
Time l i m i t a t i o n s  do not  permit  me t o  d i s c u s s  r e c e n t  progress  i n  de t a i l , - .  
I s h a l l  l i m i t  my remarks t o  our  work on WAZ-20 (ref,. l o ) ,  another  
nickel-base a l l o y  developed by Freche and his co-workers, which con- 
t a i n s  l a r g e  a d d i t i o n s  of  tungs ten  t o  improve r e f r a c t o r i n e s s  and s t r e n g t h  
a t  high temperature ,  The composition of  t h e  a l l o y  i s  shown i n  Table 111. 
TABLE I11 - NOMINAL COMPOSITION OF WAZ-20 
( i n  weight p e r  c en t) 
20 
Alloy 
B-1900 
MAR-M2 0 0 
' IN-100 
TABLE I V  - INCIPIENT MELTING POINTS OF NICKEL 
BASE ALLOYS 
OC OF 
1204 2200 
1 2  04 2200 
1210 2210 " 1 VI-A 1 iiZ+i 1 z!;: 1 NASA WAZ-20 
The composition shown i n  Table  I11 w a s  c a r e f u l l y  chosen t o  avoid  
the p o s s i b i l i t y  o f  low-melting-temperature phases.  
how f e w  are  the a l l o y i n g  a d d i t i o n s ,  i n  c o n t r a s t  t o  commonly used 
n i c k e l  base  a l l o y s  which con ta in  as many as 8 t o  1 0  a l l o y i n g  elements. 
That r e f r a c t o r i n e s s  i s  achieved i s  seen  i n  Table  I V  which compares 
the i n c i p i e n t  me l t ing  p o i n t s  o f  other commonly used a l l o y s  t o  t ha t  of  
WAZ-20. 
55OC (100OF) beyond that  o f  any o f  the o t h e r  a l l o y s  shown. 
Note e s p e c i a l l y  
I n c i p i e n t  m e l t i n g  o f  the l a t t e r  a l l o y  is r a i s e d  by a t  l ea s t  
F igu re  1 0  shows a comparison o f  the t e n s i l e  s t r e n g t h  of  WAZ-20 
and s e v e r a l  o t h e r  r e p r e s e n t a t i v e  cast nickel-base a l l o y s  a t  1204OC 
(220OOF). 
B-1900, and a t  l e a s t  50 p e r c e n t  s t r o n g e r  than  TD-Nickel, a d i spe r s ion  
I t  is  more than  twice as s t r o n g  as our  TAZ a l l o y s  and 
s t r eng thened  powder meta l lurgy  product  which i s  repu ted  f o r  i t s  high 
temperature  s t r e n g t h .  
D i r e c t i o n a l  s o l i d i f i c a t i o n  - Because o f  the weakness o f  g r a i n  
boundaries  a t  high tempera ture ,  it i s  n a t u r a l  t o  seek materials con- 
t a i n i n g  a minimum of  such  boundaries ,  p a r t i c u l a r l y  those  l o c a t e d  
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t r a n s v e r s e  t o  t h e  a p p l i e d  loading ,  Material which is  s o l i d i f i e d  from 
t h e  melt  i n  a c o n t r o l l e d  f a sh ion  so a s  t o  avoid the presence  o f  t r ans -  
verse g ra in  boundaries  has proven t o  be very advantageous f o r  high 
temperature  a p p l i c a t i o n s  f o r  reasons  o f  s t r e n g t h ,  d u c t i l i t y ,  and low 
e l a s t i c  modulus, A l l  these f a c t o r s ,  f o r  example, enhance thermal 
f a t i g u e  r e s i s t a n c e ,  The e a r l y  work on d i r e c t i o n a l l y  s o l i d i f i e d  a l l o y s  
f o r  j e t  engine use w a s  performed a t  P r a t t  and Whitney Aircraft Company 
l a r g e l y  w i t h  t h e  n i c k e l  base a l l o y  MAR-MZ'OO.. 
l a r l y  i n t e r e s t e d  i n  the a p p l i c a t i o n  o f  the technique  t o  the a l l o y s  
developed by Freche and h i s  co-workers. F igure  11 shows the g r a i n  
s t r u c t u r e  of  t e n s i l e  specimens o f  the convent iona l ly  cast and d i rec-  
t i o n a l l y  s o l i d i f i e d  WAZ-20 a l l o y  p rev ious ly  d iscussed ,  and figure 12 
shows t h e  c reep  r u p t u r e  behavior  of t h e s e  two forms o f  the a l l o y  when 
t e s t e d  ( r e f ,  10)  a t  a stress o f  103 MNJm2 (15 k s i )  , 
rup tu re  t i m e  ve r sus  the t e s t  temperature .  
given temperature  t h e  r u p t u r e  t i m e  is approximately doubled by d i r ec -  
t i o n a l  s o l i d i f i c a t i o n ,  o r  f o r  a s e l e c t e d  r u p t u r e  t ime the pe rmis s ib l e  
temperature  i s  r a i s e d  approximately 2 8 O C  (SOOF) by d i r e c t i o n a l  s o l i d i -  
f i c a t i o n .  We have a l s o  found t h a t  d i r e c t i o n a l  s o l i d i f i c a t i o n  substan- 
t i a l l y  enhances thermal  f a t i g u e  r e s i s t a n c e  and that  t h i s  indeed may be 
one of i t s  g r e a t e s t  advantages i n s o f a r  as t u r b i n e  b lade  a p p l i c a t i o n s  
a r e  concerned, 
I 
We have been p a r t i c u -  
P l o t t e d  i s  the 
I t  can be seen t h a t  a t  a 
Dispersion s t r e n g t h e n i n g  - The inco rpora t ion  o f  a f i n e  s t a b l e  
d i s p e r s o i d  i n  a m e t a l l i c  ma t r ix  i s  a very  promising way o f  ach iev ing  
22 
high temperature  s t r eng th .  Work on d ispers ion-s t rengthened  m a t e r i a l s  
has  been conducted f o r  many yea r s  a t  ou r  Laboratory by J. W. Weeton, 
M. Quat inetz  and t he i r  co-workers. I n  our  approach, t h e  d i spe r s ion  
is accomplished by mechanical i n t e rmix ing  o f  f i n e  powders o f  ma t r i ces  
and d i s p e r s o i d s  ( r e fe rences  11 t o  14) . T h i s  i s  i n  c o n t r a s t  t o  some 
commercial p rocesses  (such as those  whereby TD-Nickel and TD-Nickel 
Chromium a r e  produced) which a r e  b a s i c a l l y  accomplished by a chemical- 
c o l l o i d a l  approach. 
NASCAB ( s tanding  f o r  NASA Method of Comminution and Blending) l ends  
i t s e l f  more r e a d i l y  than chemical-col loidal  methods t o  the p a i r i n g  
o f  ma t r i ces  and d i s p e r s o i d s  o f  a r b i t r a r y  s e l e c t i o n ,  t h u s  g iv ing  us  
more freedom fo opt imize  t h e  choices.  
We f ee l  t h a t  o u r  process ,  which w e  des igna te  
A schematic diagram o f  t h e  process  is shown i n  f i g u r e  1 3 .  Both 
t h e  matrix m a t e r i a l  and d i spe r so id  may be ground t o g e t h e r  or sepa- 
r a t e l y  t o  submicron s i z e .  I n  e i t h e r  case they  are thoroughly i n t e r -  
mixed and compacted i n t o  t h i n  s l abs .  During s i n t e r i n g  o f  n i c k e l  and 
nickel-chromium matrix s l a b s ,  copious q u a n t i t i e s  o f  hydrogen a r e  
provided t o  i n s u r e  removal of matrix-impurity oxides .  Heat ing i s  
provided a t  a c a r e f u l l y  c o n t r o l l e d  ra te  t o  reduce t h e  oxides  and 
remove mois ture  i n  a way t h a t  avoids  the de t r imen ta l  e f f e c t s  of the 
mois ture  e f f l u e n t .  A f t e r  t h e  s l a b s  have been s i n t e r e d  t o  a dens i ty  
of approximately SO%, f i n a l  conso l ida t ion  i s  accomplished by a l ter-  
n a t e l y  r o l l i n g  and annea l ing  t r ea tmen t s  which produce 
t u r e  on which t h e  i n h e r e n t  s t r e n g t h  o f  a d i spers ion-s t rengthened  
a microstruc-  
F 
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m a t e r i d l  depends Lf l a r g e  bodies  A r e  r equ i r ed  il number d f  the small 
s l a b s  mhy be ccnaol iddted  by hot  p r e s s i n g  p r i o r  t o  t h e  r o l l i n g  
The importsnctt o f  u s i n g  s m a l l  s l d b s  p r a v i d i n g  hydrogen c ledning ,  
dnd c o n t r o l l e d - r i t e  hed r ing  - .IS r e f l e c t e d  i n  t h e  micrustrLcLure of  
t h e  m a t e r i a l  = i s  shown i n  f i g u r e  14.. When t h e  p recdu t ions  dre no t  
used t h e  p a r t i c l k s  dgglomerdte i n t o  co;Lcse groups ds shown by t h e  
m i c r o s t r u c t u r e s  on t h e  l e f t  and the  md-ceru l  does not d i sp l ay  the 
d e s i r j b l e  f i n e  d i s p e r s o i d  s t r u c t u r e  shown it t h e  right of the f i g u r e  
The l a t t e r  w a s  accomplished when a l l  o f  t h e  innovat ions  o u t l i n e d  
( r e f e r e n c e s  1 3  dnd 14) were in t roduced ,  Both specimens shuwn i n  
f i g u r e  1 4  were ,mw.aied a t  success ive ly  i n c r e d s i n g  temperdtures  up t o  
1430OC (2600OF) 
F igure  15  shows some e k p e r i m e n t d  r e s u l t s  u f  t e n s i l e  t e s t s  a t  
1093OC (20OO0T) o f  d i s p e r s i o n  s t r eng thened  sheet versus  number of 
co ld- ro l l  dnneal cycles 
capable  of producing cons iderably  h ighe r  s t . rengths  than  t h e  conven- 
Ct i s  seen that t h e  NASCAB process  i s  
t i o n a l l y  used p rocesses  f o r  T D - N i  and Z D - N i C r .  With d 4% d i s p e r s o i d  
of t h o r i a  i n  n i c k e l  r e a d i l y  obtainccble by t h i s  p rocess  d remarkdbly 
h igh  t e n s i l e  s t r e n g t h  o f  165  6 MN/m2 (24 k s i )  can be dchieved Figure  
1 6  shows some r e s u l t s  oE t h e  100-hour creep r u p t u r e  s t r e n g t h  f o r  the 
4% = t h o r i a  NASCAB materidl 
(12 k s i )  can be supported f o r  100 bows a t  1093°C (200OoFj w i t h  t h e  
NASCAB shee t  
dnd T D - N i C r  (41 3 MN/m2 (6 ks 
A s t r e s s  l e v e l  of  dpproximdtely 82 8 MN/m2 
compared t-u much lower l eve l s  f o r  TD N i  (48 4 MN 'm2 ( 7  k s i )  ) 
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F i b e r  r e i n f o r c e d  composites - 1 have a l r eady  d iscussed  the use  
o f  f i be r - r e in fo rced  composites i n  connection w i t h  compressor b l a d i n g  
a p p l i c a t i o n s ,  u s i n g  polymer matrices, For use  a t  much h ighe r  tempera- 
t u r e s  w e  must r e s o r t  t o  a m e t a l l i c  ma t r ix  material, Work on m e t a l l i c  
composites w a s  i n i t i a t e d  a t  our  Laboratory about  f i f t e e n  years ago 
by J, W. Weeton and R, A. S i g n o r e l l i ,  and the i r  co-workers. A t  first 
w e  concent ra ted  on model systems (ref, 15) u s i n g  copper as a ma t r ix  
and tungs ten  f i l amen t s  as reinforcement ,  These materials do n o t  
i n t e r a c t  m e t a l l u r g i c a l l y ,  and t h e r e f o r e  l e n d  themselves i d e a l l y  t o  
fundamental s t u d i e s  of  t h e  laws t h a t  govern composite behavior  i n  
the absence of  m e t a l l u r g i c a l  i n t e r a c t i o n ,  F igure  1 7  shows an enlarge-  
ment of  t h e  c ros s - sec t ion  o f  a b a r  of  such a composite. 
s t a r t e d  t o  cons ider  ma t r ix  materials more s u i t a b l e  f o r  h igh  temperature  
a p p l i c a t i o n s ,  w e  l e a r n e d  of the importance of m e t a l l u r g i c a l  i n t e r a c t i o n  
( r e fe rences  1 6  and 1 7 ) .  
l u r g i c a l l y  incompatible  matrix and reinforcement  materials are involved. 
When only 10% n i c k e l  w a s  added t o  t h e  copper matrix a t t a c k  occurred  i n  
t h e  s u r f a c e  r eg ions  o f  t h e  tungs ten  f i b e r s  du r ing  1 hour exposure of  
t h e  l i q u i d  ma t r ix  a t  about 1204OC (22OO0F). For a n i c k e l  matrix i n  
t h e  l i q u i d  s t a t e ,  t h e  d i s i n t e g r a t i o n  w a s  compleke, as shown i n  t h e  
f i g u r e  , 
Later,  a s  w e  
F igure  18 shows what can happen when metal- 
From l a t e r  s t u d i e s  w e  l e a r n e d  s e v e r a l  c a r d i n a l  p r i n c i p l e s  (refs, 18 
and 19) r ega rd ing  t h e  p r e p a r a t i o n  of  h i g h  temperature  metal-matr ix  com- 
p o s i t e s ,  The f i b e r  d iameters  should be s u f f i c i e n t l y  l a r g e  t o  provide  
an adequate load-car ry ing  co re  area even i f  some a t t a c k  occurs  on the 
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su r face ;  the ma t r ix  material composition should be s p e c i a l l y  s e l e c t e d  
t o  minimize i n t e r a c t i o n  w i t h  the f i b e r ;  and s o l i d - s t a t e  s i n t e r i n g  i s  
p r e f e r a b l e  t o  l i g u i d - s t a t e  i n f i l t r a t i o n  i n  o r d e r  t o  reduce tempera- 
I f  
cures and i n t c r a c t i o n s .  
i 
Resu l t s  o f  some r e c e n t  r e sea rch  on metal matrix composites with 
possible s u i t a b i l i t y  f o r  high temperature  use a r e  shown i n  figures 
1 9  and 20- (unpublished d a t a  from D. W. Petrasek) .  F igure  1 9  shows 
t h e  r a t i o  o f  s t r e s s - to -dens i ty  f o r  100  hour l i f e  a t  1093OC (20OOOF) 
f o r  s e v e r a l  f i b e r s  of i n t e r e s t  t o  us. 
2v/o Tho2 f i b e r  which has been u t i l i z e d  i n  a p a s t  i n v e s t i g a t i o n  (ref. 
l8), and s e v e r a l  new f i b e r s .  
i n  another  a tungsten-hafnium-carbon a l l o y  r e c e n t l y  developed a t  ou r  
Laboratory.  Compared t o  convent ional  s u p e r a l l o y s  these f i b e r s  show 
s t rength- to-dens i ty  va lues  fou r  t o  f i ve  t imes  a s  high. I n  F igu re  20 
a r e  shown r e s u l t s  f o r  composites made from t h e s e  f i b e r s  when incorpo- 
r a t e d  i n  a nickel-base a l l o y  matr ix .  The nickel-base a l l o y  w a s  pre- 
s e l e c t e d  t o  be  compatible w i t h  t ungs t en  base f i b e r s .  
been completed us ing  W-2Th02 f i b e r s  i n  the n icke l -base  a l l o y  descr ibed.  
Composites w i t h  f i b e r  con ten t s  a s  high as 70% were produced (ref. 19) . 
For t h i s  composite, t h e  100-hour s t r e s s - r u p t u r e  s t rength- to-dens i ty  
a t  10930C (2000'F) i s  about  twice  the va lue  achievable  by convent ional  
a l l o y s  shown i n  F igu re  13. 
hafnjum-carbon r e i n f o r c e d  a l l o y s ,  b u t  t h e  r e s e a r c h  i s  no t  y e t  complete. 
The b a r  graphs show our  e s t ima tes  based  on f i b e r  p r o p e r t i e s  o f  what w e  
Values are shown f o r  a tungsten-  
The f i b e r s  i n  one case  were o f  B-88T and 
Work has a l r eady  
Work i s  p rogres s ing  on t h e  B-88 and tungsten-  
* (Cb-28W-21IE-. 07C) 
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b e l i e v e  can be achieved wi th  composites i n  t h e  n e a r  f u t u r e .  The 
pe rcen t  Iq-Hf-C f i b e r  composite would appear t o  have t h e  greatest 
t i a l  , 
70 volume 
poten- 
Here aga in  it is  perhaps p o s s i b l e  t o  emphasize our  technology t r ans -  
p o r t  p r i n c i p l e .  The tungsten-hafnium-carbide material was developed a t  
ou r  Laboratory wi th  a l t o g e t h e r  d i f f e r e n t  a p p l i c a t i o n s  i n  mind from t h a t  
o f  f i b e r s  i n  composites. We were i n t e r e s t e d  i n  extremely r e f r a c t o r y  
materials a t  the time, and reasoned that combining t h e  hi&est me l t ing  
p o i n t  metal ( tungsten)  w i th  the h i g h e s t  me l t ing  p o i n t  compound (HfC) 
would advance our  purpose. The product  i s  indeed s t r o n g  a t  extremely 
h igh  temperatures ,  b u t  i t s  a p p l i c a t i o n  i n  connection wi th  ma t r ix  re- 
inforcement a t  1093OC (200OOF) descr ibed  h e r e  is  a t  a much lower t e m -  
p e r a t u r e  than  that  o r i g i n a l l y  conceived €or use  o f  t h i s  material. 
was the m a t e r i a l  o r i g i n a l l y  intended f o r  use  as a f i b e r ;  it w a s  developed 
Nor 
f o r  use  a s  a bulk material. 
f i b e r  f o r  u se  a t  a much lower temperature  range than  o r i g i n a l l y  con- 
ce ived  is proof that w e  do not  always know what f r u i t s  our r e s e a r c h  w i l l  
bear ,  
That it i s  proving  more i n t e r e s t i n g  as a 
We must document o u r  r e s u l t s  and permi t  t h e  f u t u r e  t o  w r i t e  i t s  
own chapter  on t h e  va lue  of  our  research.  
Oxidat ion and Corrosion Problems 
The s u b j e c t s  of  ox ida t ion  and cor ros ion  have commanded our  a t t e n -  
t i o n  t o  an ever - increas ing  e x t e n t  i n  r e c e n t  yea r s ,  It is  a s u b j e c t  of 
s p e c i a l  i n t e r e s t  i n  high temperature engines.  
2 1  (ref. 20), s e v e r a l  curves  are p l o t t e d  a g a i n s t  ca lendar  year of  
A s  can be seen i n  F igure  
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occurrenceo The straight l i n e  through the c i r c l e d  d a t a  p o i n t s  shows 
t h e  t r e n d  i n  i n c r e a s i n g  temperature  c a p a b i l i t y  (us ing  as a s t anda rd  
t h e  temperature  f o r  which the creep r u p t u r e  time i s  1000 hours  a t  
20 k s i ) .  The c i r c l e d  p o i n t s  show the yea r  i n  which each, a l l o y  was 
introduced.  Progress ive  i n c r e a s e s  i n  s t r e n g t h  have been accomplished 
u s u a l l y  by the a d d i t i o n  o f  a complex array of  a l l o y i n g  elements,  and, 
gene ra l ly ,  by the reduc t ion  of  chromium con ten t ,  
t i o n  of chromium i s  a l s o  shown i n  the f i b r e ,  
chromium has, of course ,  come a decrease  i n  r e s i s t a n c e  t o  co r ros ion  
The t r e n d  i n  reduc- 
With dec reas ing  
and ox ida t ion ,  s i n c e  it i s  chromium oxide t h a t  provides  major pro tec-  
t i o n  a g i i n s t  environmental  a t t a c k ,  Thus t h e  shaded band i s  shown, 
d e p i c t i n g  t h e  l i m i t i n g  temperature  based on cor ros ion ,  
I n  the l a t e  1940 ' s  and i n  t h e  1 9 5 0 , s  temperature  l i m i t a t i o n s  
based on strength were lower than  rhose  based on co r ros ion  r e s i s t a n c e ,  
and major r e s e a r c h  programs were d i r e c t e d '  p r i m a r i l y  a t  i n c r e a s i n g  
. i  
s t r e n g t h  p o t e n t i a l ,  I n  r e c e n t  y e a r s ,  however, the cor ros ion  l i m i t  h a s  
become lower than  t h e  s t r e n a h  l i m i t ,  I t  i s  appropeia te ,  t h e r e f o r e ,  
t o  a r r a y  a major program a g a i n s t  the co r ros ion  problem, which i s  be ing  
conducted a t  our  Laboratory under the l e a d e r s h i p  of H, B, Probs t  
(whose main o b j e c t i v e  is t o  s tudy  the mechanisms involved) and S, J, 
Grisaffe (whose main area is the s tudy  of  p r o t e c t i o n  by coa t ings  and 
claddings)  ,. 
The problems of  c o r r o s i o n ?  are of  course ,  very complex, Table  V 
( r e f ,  20) shows some o f  t h e  f a c t o r s  t h a t  complicate  the mechanism, 
The presence  of mechdnical a b r a s i v e s ,  chemically r e a c t i v e  s p e c i e s  ~ 
I 
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Condit ion 
Oxid iz ing  Gas 
Combustion Products  
S2, V, S a l t ,  H20 
Cycl ic  Temperature and S t r e s s  
High Gas Ve loc i ty  
Sand and Carbon p a r t i c l e s  
High P res su re  
extreme tempera tures  and p r e s s u r e s  (which broadens the range wherein 
sal ts  can remain molten and r e a c t i v e ) ,  and of  c y c l i c  cond i t ions  of  
R e s u l t  
Acce lera ted  Corrosion 
S p a l l i n g ,  Thermal Fa t igue  
Erosion and Vaporizat ion 
Condensed S a l t s  
stress and temperature  which cause s p a l l i n g ,  are b u t  a f e w  of the 
f a c t o r s  that  complicate the mechanism. I n  a d d i t i o n ,  complex chemical 
and m e t a l l u r g i c a l  p rocesses  take p l a c e ,  o f t e n  d i f f i c u l t  t o  p r e d i c t .  
Our approach has, t h e r e f o r e ,  been bo th  experimental  and a n a l y t i c a l .  
TABLE V - CORROSION I N  GAS TURBINE ENGINE 
I 1 
Figure  22 shows some r e s u l t s  that  emphasize t h e  n a t u r e  o f  the 
problem. 
t i m e  f o r  the n i c k e l  base  a l l o y ,  IN-100, and the d i spe r s ion  s t rengthened  
material, TD-NiCr. Under the s t a t i c  cond i t ions  o f  a l a b o r a t o r y  furnace  
Here w e  show t h e  weight change as a func t ion  o f  exposure 
the weight change i s  slight and c o n s i s t s  o f  a minor i n c r e a s e  due t o  
oxidat ion.  
furnace  condi t ion ,  the TD-NiCr  shows even less  weight gain than  the 
IN-100. 
vapor i za t ion  quick ly  remove the p r o t e c t i v e  scale tha t  forms, bo th  
Although bo th  materials perform w e l l  under the s t a t i c  
I n  a h igh  v e l o c i t y  gas burner ,  however, where e ros ion  and/or 
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rnet?'Ls shod r tpid loss i n  tuei@t, ,nd TG NiCr l o s e s  w e i g h t  more than  
f o u r  times as -rtipidly as ;N 1 0 0 -  q'ilese r e s u l t s  show t h e  danger of  
at-rempting t o  ,9;iLe incite p s i  , I s  f o r  oxAdation res i s tmce  from s t a r i c  
f u m d c e  t e s t s  i f  Ttle rea i  se r ; i ce  cond i t ions  involve  nigh v e l o c i t y  
g : s  flow 
That t h e  problem i s  compoLnded by the rmr l  c y c l i n g  i s  demonstrated 
i n  f i g u r e  23 [ r e f s ,  2 0  and 2 i ) .  Hepe the r e s u l t s  a r e  €or a c o b a l t  
base 2110y,  WT 52 I n  a s t a t i c  i so the rma l  furndce  the a l l o y  dispL:ys 
w e i g i t  ga in  dLe t o  o l c ida t iw .  If the f u r n r c e  i s  shut down once e k e r y  
twenty hours  . 
stresses in t roduced  - - r  t h e r e  i s  1 w e i g h t  l o s s  a f te r  50 hmrs .  'if the 
f u r n w e  is  s h u t  wn i n  one - hou 2 c) c les  s u b s t a n t i a l  w e i * t  l o s s  develops 
ds a r e s u l t  o f  the Larger numoer of  therms1 cyc les .  The o x i d i t i o n  
mechanism o f  Wi 52 is me-; i l l u r g i c  11) extremely complex, C, E,  Lowell 
dnd 1 L Drel l  :t our  Lnbor-Ltoi-y, have made an ex tens ive  s tudy of  t h e  
p rocess  ( r e f s  22  and 23') m d  have provided i n t e r e s t i n g  conclus ions ,  
TT.+ nq o f  which ha ie ~ b e a r i n g  on the ox ida t ion  of  ( Ji-ker s u p e r a l l o y s ,  
c. ~ , , i n g  tile mater; :I t o  s p 2 l l  a s  3 r e s u l t  o f  t h e  thermal  
One o f  t h e  matei:i.lls w e  a r e  c u r r e n t l y  s tudy ing  i n t e n s i v e l y  i s  
TD N i C r  I n t e r e s t  i n  t h i s  a l l o y  stems from i t s  p o t e n t i a l  a p p l i c a t i o n  
i n  advanced g'Ls t u r b i n e  engines  as w e l l  a s  i n  the sp<ice s h u t t l e ,  which 
I sh8rll d i s c u s s  L a t e r ,  The materi-J confa in ing  20% Cr., w a s  developed 
.:s an improvement over  T D - N i  frcm the  s t a d p o i n t  of  ox ida t ion  resis- 
t a n c e  and room remperature  srx-eng; However w e  found t n a t  whi le  t h e  
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m a t e r i a l  has  e x c e l l e n t  ox ida t ion  r e s i s t a n c e  under s t a t i c  furnace  con- 
d i t i o n s ,  h igh  gas v e l o c i t y  i s  very de t r imen ta l  t o  i t s  ox ida t ion  r e s i s -  
t ance  ( r e f .  24). The problem is i l l u s t r a t e d  i n  F igure  24. Here t h e  
t e s t  cond i t ions  were.more p e r t i n e n t  t o  those  t o  be encountered i n  t h e  
space s h u t t l e  a p p l i c a t i o n  than i n  a gas t u r b i n e ,  b u t  t h e  b a s i c  problem 
i s  t h e  same, so  I s h a l l  d i scuss  it he re  i n s t e a d  o f  l a t e r .  I n  F igure  2Y(a) 
we s e e  t h a t  a f t e r  exposure f o r  50  h a l f  hour cyc le s  t o  h igh  v e l o c i t y  gas 
a t  1204OC (22OOOF)  and 15 Torr  p re s su re ,  t h e  i n t e r i o r  of  t h e  s h e e t  de- 
veloped h igh  po ros i ty .  
Center of t h e  NASA ( r e f .  25) ,  b u t  it was our  r e s p o n s i b i l i t y  t o  determine 
t h e  cause of  t h e  behavior ,  and t o  suggest  remedial  measures. Our s t u d i e s  
revea led  t h a t  t h e  p o r o s i t y  was due t o  t h e , l o s s  of chromium from t h e  
a l loy .  
p r o t e c t i v e  Cr2O3 s u r f a c e  sca l e .  
complex ( r e f .  24); however, it i s  apparent  t h a t  t h e  l o s s  i s  g r e a t l y  
a c c e l e r a t e d  i n  a h igh  v e l o c i t y  gas stream. The problem becomes acu te  
The t e s t s  were conducted a t  t h e  Ames Research 
This  l o s s  i s  a s s o c i a t e d  wi th  t h e  vapor i za t ion  of t h e  normally 
The o v e r a l l  mechanism is somewhat 
i n  both  t h e  space s h u t t l e  and i n  t h e  gas t u r b i n e  engine. 
Figure 24(b) shows one s o l u t i o n  t o  t h e  problem. By adding a pro- 
p e r  amount of  aluminum t o  t h e  a l l o y  one can cause t h e  formation of  a 
s u r f a c e  aluminum oxide which i s  f a r  more r e s i s t a n t  t o  vapor i za t ion  than 
Cr2O3 .  
ence of  t h e  aluminum oxide s c a l e .  Thus, t h e  TD-NiCrAlY m a t e r i a l  shows 
no p o r o s i t y  a f t e r  40 cyc le s  o f  hea t ing ,  whereas 50 cyc le s  caused l a r g e  
p o r o s i t y  i n  TD-NiCr.  
A s m a l l  a d d i t i o n  of y t t r i u m  is  be l i eved  t o  enhance t h e  adher- 
3 1  
Figure  25  ( r e f ,  26) shows an a l t e r n a t e  approach invo iv ing  the 
same b a s i c  pr inc ip l -e ,  Here, i n s t e a d  o f  making the e n t i r e  sheet from 
m a t e r i a l  con ta in ing  alwninwn, a c ladding  o f  a l u n i n m  - con ta in ing  
m a t e r i s l  i s  bonded t o  t n e  s m f a c e  o f  the r e g u l a r  PD-NiCr, 
The t e s t  cond i t ions  s imula t e  those  o c c i r r i n g  i n  a j e t  engine,  and 
i f  i s  seen t h z t  the c l add ing  s u b s t a n t i a l l y  i n c r e a s e s  the l i f e  o f  the 
T D - N i C r  s u b s t r a t e  materisl  ( r e f ,  26), I n  rhis case  no y t t r i u m  was tised 
i n  t h e  cladding,. Our t es t s  hwe are i n  t he i r  e s r l y  stzge;; ,  btit w e  p l an  
t o  pursue t h e s e  promising r e s u l t s ,  
Once ags in ,  1 c m  refe-s Po o m  technology t r znspor?  p r i n c i p l e ,  
The concept 3f adding s l w n i n m  t o  ' ID-NiCr  first &rose  i n  connection 
w i t h  j e t  engine app l i ca t ions ,w  When t h e  problem p o s e  i n  connection 
w i t h  t h e  space  shclttle a p p l i c a t i o n ,  d i r e c t i o n s  toward s o l u t i o n  were 
a l r eady  e s t a b l i s h e d ,  Furthermore,  funding  f o r  space s h u t t l e  development 
w a s  much more adequate t h a  f o r  j e t  engine 2 p p l i c z t i o n q  So the problem 
could be v igorous ly  a t t a c k e d  i n  t h i s  connection, Whether a l l o y s  such as 
TD-NiC-rAlY w i l l  eve r  be used i n  t h e  s h u t t l e  i s  no t  known as y e t ;  m?ny 
contending des igns  a d  materiais are be ing  examined, and which w i l l  
emerge the v i c t o r  i s  y e t  t o  be determined; 
f o r  ZD-NiCrAlY i n  t h e  space  s h u t t l e +  the r e s e a r c h  on this materisl  w i l l  
be  ~ s e f d l  f o r  t h e  j e t  engine m d  very l i k e l y  f o r  o t h e r  Fipplications 
B a t  whatever the frtuure 
as w e l l ,  Disseminated r e s e a r c h  r e sc l i t s  u s u a l l y  f i n d  & pay-off,  
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SPACE-ORIENTED PROBLEMS 
L e t  us t u r n  nex t  t o  space-or iented problems. While numerous 
o t h e r  s e l e c t i o n s  could be  made, I shal l  l i m i t  my remarks t o  the space 
s h u t t l e  and t o  space nuc lea r  power, bo th  o f  which are commanding an 
apprec iab le  amount o f  a t t e n t i o n  from us a t  t h e  p r e s e n t  time. 
Space S h u t t l e  
The space s h u t t l e  i s  NASA's l a t e s t  concept f o r  reducing  t h e  c o s t  
of  space flight. 
every space s h o t ,  as is c u r r e n t l y  done, t h e  i n t e n t  i s  t o  provide  a re- 
usable  system, good f o r  about 100 missions.  Many d i f f e r e n t  concepts  
a r e  now be ing  eva lua ted ,  and the f i n a l  design has n o t  y e t  emerged. 
ever ,  t h e r e  a r e  many b a s i c  m a t e r i a l s  problems that  r e q u i r e  a t t e n t i o n  so 
that  the f i n a l  dec i s ions  w i l l  be  w i s e  ones. I sha l l  d i scuss  some o f  them. 
I n s t e a d  of  s a c r i f i c i n g  the c o s t l y  boos t  v e h i c l e  i n  
How- 
To provide  a " fee l "  f o r  the type  of system we a r e  d i scuss ing ,  1 have 
shown i n  F igu re  26 a schematic diagram of  the s h u t t l e  as p r e s e n t l y  en- 
vis ioned.  I t  w i l l  c o n s i s t  of  two stages - a b o o s t e r  that  w i l l  t r ans -  
p o r t  bo th  itself and an o r b i t e r  i n t o  space,  a n d . t h e  o r b i t e r  which w i l l  
be  f i r e d  from t h e  b o o s t e r  once the system is  i n  space. 
r e t u r n s  t o  earth; the o r b i t e r  a l s o  r e t u r n s  t o  earth l a t e r ,  after it has 
f u l f i l l e d  i ts  mission. 
t h e  s i z e  and w e i g h t  approximations shown i n  F igure  26 are rea l i s t ic ,  
and very impressive when compared w i t h  a i r c r a f t  o f  genera l  f a m i l i a r i t y .  
The boos te r  then  
Although design s t u d i e s  have n o t  been completed, 
The t h r u s t  system 
s t o r a g e  of  p r e s s u r i z e d  
ou r  Sa turn  system used 
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of  the boos te r  w i l l  undoubtedly involve  the 
cryogens - very  l i k e l y  oxygen and hydrogen, a s  
f o r  t h e  Apollo program. Because o f  m u l t i p l e  
re-use requirements ,  w e  must be concerned w i t h  p o t e n t i a l  cryogenic  
f a t i g u e  problems, Also,  because of  e f f i c i e n c y  requirements  f o r  the 
l a r g e  t ank  s i z e s  involved,  cryogenic f r a c t u r e  c o n t r o l  i s  a very impor- 
t a n t  cons idera t ion ,  Eventual re -en t ry  i n t o  the earth's atmosphere 
w i l l  involve  high s u r f a c e  temperatures ,  hence the need f o r  a r eusab le  
thermal p r o t e c t i o n  system. I shal l ,  t h e r e f o r e ,  i l l u s t r a t e  some r e c e n t  
r e sea rch  we have conducted regard ing  cryogenic  f a t i g u e  , cryogenic  frac- 
t u r e  c o n t r o l ,  and materials development f o r  r eusab le  thermal p r o t e c t i o n  
systems. 
Cryogenic fatigue - To be a b l e  t o  perform r e s e a r c h  on cryogenic  
f a t i g u e  problems, p a r t i c u l a r l y  invo lv ing  t h e  hazards  o f  l i q u i d  hydrogen , 
it has been necessary t o  develop a s p e c i a l  c r y o s t a t ,  s e c t i o n a l  view 
o f  which i s  shown i n  F igure  27. Many m a t e r i a l s  have been t e s t e d  to d a t e  
t o  determine t h e i r  r e l a t i v e  merits i n  cryogenic f a t i g u e  and t o  s tudy i f  
t h e  b a s i c  mechanism o f  f a t i g u e  a t  cryogenic  cond i t ions  i s  d i f f e r e n t  from 
f a t i g u e  a t  room temperature.  
nitiwgeii and l i q u i d  helium environments because t h e  temperatures  assoc i -  
a t e d  w i t h  t h e s e  cryogens a r e  very c l o s e  t o  those  o f  oxygen and hydrogen 
i iespec t ive ly ,  while avoid ing  t h e  hazards  a s s o c i a t e d  w i t h  these l a t t e r  
f l u i d s .  
Much o f  our  work has been done under l i q u i d  
One o f  our  first e f f o r t s  i n  th i s  program w a s  t o  determine i f  the 
b a s i c  r e l a t i o n s  w e  have developed f o r  f a t i g u e  behavior  a t  room 
temperature  w w l d  be v a l i d  a t  cryogensc tempera tures  as w e l l ,  The 
“universal slopes equat ion“ ,  which I suggested a number of  y e a r s  ago 
(ref. 27) foy es@$nat.ring c y c l i c  l i f e  a t  a given s t r a i n  range from a 
knowlgldge o f  on ly  t ens i l e  p r o p e r t i e s  (u l t ima te  t ens i l e  s t r e n g t h ,  
d u c t i l i f y  , and s las t ic  modulus) provided a n a t u r a l  framework around 
w h i q h  t o  base  OUT a n a l y s i s ,  
titan$’$qn al loy .  Shown are IXQ s t r a i s fh t  l i n e s ,  A and €3, computed us ipg  
the eghjations l i s t e d  i n  ?he figure, and a curved l i n e  C der ived  by 
Figure  28 shows t y p i c a l  r e s u l t s  f o r  a 
l i n e a r  a g d i t i o n  of l i n e s  A qnd B a t  each va lue  of  ctyclic l i f e ,  Nf, 
d a t a  p o i n t s  show the experimeptal  values obta ined  f o r  tbis material i n  
l i q u i d  helium, and are seen  t o  agree  w ~ a l l  with the p r e d i c t e d  l i n e s .  
The 
F ig iqe  29 shows a summary o f  r e s u l t s  f o r  a number o f  a l l o y s  t e s t e d  i n  
bo th  l i gu$d  ni tqogen and l i q u i d  helipm (ref, 28) e The p l o t  is similar 
t o  the gne uged when t h e  u n i v e r s a l  slopes equat ion  was first proposed, 
an4 a;hows measured J i f e  a g a i n s t  l i f e  p r e d i c t e d  Erom the imposed s t r a i n  
range and cryngqnic t e n s i l e  p r o p e r t i e s ,  
c o r r e l a t i o n ,  and Pt i s  seen  that  t h e  data p o i n t s  range reasonably 
around t h e  $5” l i n e ,  
A 4 5 O  l i n e  r e p r e s e n t s  p e r f e c t  
For r e fe rence ,  the d o t s  are a reproduct ion of  the 
corresponding c o r r e l a t i o n  made on a number o f  materials a t  room tempera- 
t u r e  f o r  which t h e  equat ion  was first proposed (ref,  27)  , The cryogenic  
d a t a  p o i n t s  f a l l  w e l l  w i t h i n  the s c a t t e r b a n d  o f  the dots ,  I n  f ac t ,  t h e  
cryogenic  d a t a  f i t  t h e  u n i v e r s a l  s l o p e s  equat ion somewhat b e t t e r  than  
do the room temperature  da t a ,  as shown i n  the i n s e t  t a b l e  in the lower 
p a r t  of t h e  f i g u r e ,  For example, i n  the case of  the cryogenic  da t a ,  
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44 pe rcen t  o f  t h e  l i f e  p r e d i c t i o n s  were c o r r e c t  t o  wi th in  a f a c t o r  o f  
1.5, compared t o  only  37 pe rcen t  of  t h e  ambient temperature  data .  
We are encouraged by t h e  above r e s u l t s ,  and we p l a n  t o  cont inue  
our s t u d i e s  o f  cryogenic  f a t i g u e  w i t h  va r ious  materials and under a 
v a r i e t y  of  environmental  and l o a d i n g  condi t ions .  
F r a c t u r e  c o n t r o l  - The s tudy  of  F r a c t u r e  Mechanics has f o r  many 
yea r s  b e e n , a  major e f f o r t  a t  our Laboratory. I n  p a r t i c u l a r ,  the work 
of  Brown and Srawley (refs. 29 and 30) d i r e c t e d  a t  e s t a b l i s h i n g  v a l i d  
s t anda rd  t es t s  f o r  determining crack propagat ion r e s i s t a n c e  i n  b r i t t l e  
m a t e r i a l s ,  is  w e l l  known, I n  r e l a t i o n  t o  the space s h u t t l e ,  w e  are 
concerned w i t h  two types  of  components -- t h i n  s e c t i o n  p r e s s u r e  v e s s e l s  
and heavy sec t ions .  I n  bo th  cases ,  one of the important  problems is  t o  
e s t a b l i s h  f r a c t u r e  c r i te r ia  f o r  par t - through cracks s i n c e  such cracks  
are t h e  type  more commonly found i n  f i n i s h e d  hardware, and s i n c e  the 
s t r e s s  a n a l y s i s  procedures  f o r  such flaws are less  well-developed. 
F igure  30 shows some r e s u l t s  that  have r e c e n t l y  been obta ined  
by T, W. Orange o f  our  Laboratory and h i s  co-workers on 1.5 mm (0.06 in.) 
s h e e t  o f  201bT6 aluminum i n  l i q u i d  hydrogen (refs. 3 1  and 32) .  For 
f l a t  t e n s i l e  specimens, as shown i n  F igure  30(a) ,  the p o i n t s  f o r  the 
s u r f a c e  crack l i e  on the same curve as those  foy  through-the-thickness 
c racks ,  and the governing f r a c t u r e  stress i s  predominantly the crack  
length .  
t u r e ,  there is an apprec iab le  d i f f e r e n c e  i n  s t r e n g t h  depending on the 
crack  depth,  as seen i n  t h e  r e s u l t s  o f  W. S. P i e r c e  i n  F igure  30(b). 
For p r e s s u r i z e d  c y l i n d r i c a l  t anks  a t  l i q u i d  n i t rogen  tempera- 
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Figure  3 1  shows some r e s u l t s  a t  l i q u i d  hydrogen temperature  w i t h  ten-  
s i l e  specimens o f  a t i t a n i u m  a l l o y  o f  about the same t h i c k n e s s  as the 
aluminum t e n s i l e  specimens o f  F igure  30(a) .  I n  this m a t e r i a l ,  t h e r e  
i s  an apprec i ab le  d i f f e r e n c e  between s t r e n g t h s  of  s u r f  ace-cracked 
specimens w i t h  d i f f e r e n t  crack depths  and through-the-thickness- 
cracked specimens. The e f f e c t  depends s u b s t a n t i a l l y  on the depth 
o f  t h e  c rack  and i t s  length .  
It is  apparent ,  t h e r e f o r e ,  that  the e f f e c t  o f  par t - through c rack ing  
depends n o t  on ly  on m a t e r i a l  b u t  a l s o  on c rack  geometry. One o f  our  
major e E f o r t s  a t  the p r e s e n t  t ime i s  t o  e s t a b l i s h  s u i t a b l e  r e l a t i o n s  
among geometr ica l ,  material, and stress f a c t o m  f o r  a l a r g e  range 
o f  cond i t ions  t h a t  would embrace p r a c t i c a l  cases encountered i n  the 
space s h u t t l e  as w e l l  as i n  o t h e r  app l i ca t ions .  I n  t h i s  connect ion,  
w e  a r e  making use  o f  a new high-load cryogenic  t e n s i l e  t e s t  f a c i l i t y  
which has  r e c e n t l y  been cons t ruc t ed  a t  our  l abora to ry .  A photograph 
o f  the f a c i l i t y  i s  shywn i n  F igure  3 2 .  
is 5.3 MN (1.2 m i l l i o n  pounds). 
specimens i n  a l i q u i d  hydrogen environment. With th i s  f a c i l i t y  w e  
can t e s t  the very l a r g e  specimens needed t o  i n s u r e  p l ane  s t r a i n  condi- 
t i o n s  on which c u r r e n t  s t r e s s  i n t e n s i t y  ( K I ~ )  ana lyses  are based. 
Many s a f e t y  f e a t u r e s  have been inco rpora t ed  t o  m a k e  the tes ts  p o s s i b l e  
w i t h  a minimum of  hazard  t o  personnel ,  
t o  minimize t h e  s i z e  and mass o f  t h e  t e s t  specimen and i t s  l o a d i n g  
t r a i n i n  o r d e r  t o  minimize cryogen requirements  and i n c r e a s e  s a f e t y .  
The l o a d  capac i ty  o f  the machine 
It has a c r y o s t a t  s u i t a b l e  f o r  t e s t i n g  
For example, it w a s  necessary  
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The s p e c i a l  specimen and load ing  g r i p s  shown i n  the i n s e r t  were de- 
veloped by J. L o  Shannon o f  o u r  Laboratory f o r  t h i s  purpose, 
The program p r e s e n t l y  be ing  undertaken i s  in tended  t o  s tudy  the 
e f f e c t s  o f  s u r f a c e  crack s i z e  and shape on the f r a c t u r e  c h a r a c t e r i s t i c s  
o f  s e v e r a l  materials a t  l i q u i d  hydrogen temperature.  An o u t l i n e  o f  the 
first s tudy  i s  shown i n  F igure  33.  
us ing  specimens o f  1 5  x 2.5 cm (6 x 1 in.) c r o s s  s e c t i o n  we shall  
s tudy a range o f  c rack  s i z e s  and shapes shown i n  figure 33(a).  
program w i l l  determine i f  it i s  p o s s i b l e  t o  c o r r e l a t e  t h e  r e s u l t s  
onto one curve a s  shown i n  f i g u r e  33(b) u s i n g  a shape f a c t o r  Q which 
w i l l  depend on crack depth and length .  Based-on this  s tudy and s i m i l a r  
s t u d i e s  on o t h e r  m a t e r i a l s  we expect  even tua l ly  t o  determine whether a 
shape f a c t o r  Q ex is t s  that  can be  a n a l y t i c a l l y  expressed i n  terms o f  
c rack  depth and l eng th ;  i f  n o t ,  a more complicated procedure f o r  
design a n a l y s i s  may be required.  
can be  found f o r  one m a t e r i a l ,  w i l l  it be v a l i d  f o r  o the r s?  
t o  t h e s e  and o t h e r  ques t ions  should make it p o s s i b l e  t o  s e t  s t anda rds  
f o r  va r ious  classes o f  m a t e r i a l s  t h a t  can be used for acceptance t es t s  
o r  f o r  design and f a i l u r e  ana lys i s .  
u s e f u l  i n  space s h u t t l e  and o t h e r  app l i ca t ions .  
For  the 201bT651 aluminum a l l o y ,  
Our 
Even i f  a f u n c t i o n a l  r e l a t i o n  f o r  Q 
Answers 
These r e s u l t s  w i l l  be  extremely 
Surface  thermal p r o t e c t i o n  systems - We t u r n  now t o  the high 
temperature  end o f  t h e  space s h u t t l e  p r o j e c t .  
approximate temperature  d i s t r i b u t i o n  upon r e -en t ry  of  one concept o f  
an o r b i t e r .  (Again, o f  course,  no des igns  have been f ina l i zed . )  
Because o f  the h igh  temperatures  involved,  and because o f  the presence 
F igure  3 4  shows t h e  
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o f  oxygen, w e  f a c e  an oxida t ion  problem. Severa l  a l t e r n a t i v e s  a r e  
be ing  examined a t  our  Laboratory,  among them coated r e f r a c t o r y  metals  
such a s  columbium and tantalum, and T D - N i C r  (hopeful ly ,  no t  r e q u i r i n g  
a coa t ing) .  I s h a l l  concent ra te  my f u r t h e r  remarks on our  T D - N i C r  
program. This work i s  he ing  conducted under t h e  l eade r sh ip  of R. W. 
Hal l .  
The i n i t i a l  choice of T D - N i C r  f o r  use i n  t h e  950C (1750F) t o  1204C 
(2200F) range was based on da ta  such a s  bhose shown i n  Figure 35 which 
p resen t s  t h e  s p e c i f i c  weight change a s  a func t ion  of temperature  f o r  a 
number of a l l o y s  ( r e f .  33).  However, t h i s  f i g u r e  is based on s t a t i c  
furnace  data,wherein t h e  chromium evaporat ion problem r e f e r r e d  t o  pre -  
v ious ly  is minimized. More r e a l i s t i c  performance under condi t ions  
l i k e l y  t o  be encountered i n  space s h u t t l e  s e r v i c e  is shown i n  F igure  
36 ( r e f .  34).  Under high gas  v e l o c i t y  and low s t a t i c  pressure ,  t h e  
r a t e  of metal  removal is t r i p l e d .  I n  add i t ion  t o  s u r f a c e  removal, 
i n t e r i o r  poros i ty  develops,  a s  a l ready d iscussed  i n  connection with 
F igure  24. Thus, a s  discussed previous ly ,  w e  a r e  d i r e c t i n g  a major 
e f f o r t  t o  improve oxida t ion  r e s i s t a n c e  by adding aluminum t o  t h e  a l l o y .  
For t h e  pas t  yea r ,  we have s t rong ly  supported t h e  Fans t ee l  Company 
(now t h e  p r o p r i e t o r s  and developers  of t h e  m a t e r i a l  o r i g i n a l l y  developed 
by t h e  DuPont Company) i n  an e f f o r t  t o  upgrade t h e  r e p r o d u c i b i l i t y  and 
q u a l i t y  of t h e  a l loy .  We can now r o u t i n e l y  ob ta in  46 x 9 2  c m .  (18 x 36 
i n . )  s h e e t s  i n  th i cknesses  from 0.025 t o  0.102 cm. ( - 0 1 0  t o  .040 in . )  , 
and on an experimental  production b a s i s ,  w e  have obta ined  s h e e t s  a s  
l a r g e  a s  6 1  x 150 cm.  (24 x 60 in . )  i n  t h e s e  th i cknesses .  Qual i ty  
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f a c t o r s ,  such a s  un i formi ty  and s h e e t  f l a t n e s s ,  have been s u b s t a n t i a l l y  
improved. Uniformity and q u a l i t y  c o n t r o l  have a l s o  permit ted us t o  r a i s e  
d u c t i l i t y  a t  L l O O O C  (200OOF) from about 2% t o  6% e longat ion .  
course ,  we a r e  now improving t h e  oxida t ion  r e s i s t a n c e  by inco rpora t ing  
aluminum i n t o  t h e  a l l o y .  While t h e r e  is no c e r t a i n t y  t h a t  t h e  modified 
T D - N i C r ,  t h e  development of which we a r e  suppor t ing ,  w i l l  emerge a s  
t h e  s u c c e s s f u l  contender f o r  usage a s  t h e  high temperature  thermal  pro- 
t e c t i o n  m a t e r i a l  ( s ince  r e f r a c t o r y  a l l o y s  and non-metal l ic  systems a r e  
a l s o  under e v a l u a t i o n ) ,  t h e  advancement of t h e  s t a t e - o f - t h e - a r t  of t h i s  
m a t e r i a l  is l i k e l y  t o  pay dividends--whether f o r  t h i s  o r  f o r  numerous 
o the r  p o t e n t i a l  a p p l i c a t i o n s .  
And, of 
Nuclear Space Power 
Looking t o  t h e  more d i s t a n t  f u t u r e  than  t h a t  involved i n  t h e  space 
s h u t t l e ,  we env i s ion  a need f o r  a nuc lear  space power system. Since t h e  
mission f o r  such a system has  n o t  been d e f i n i t e l y  e s t a b l i s h e d ,  our e f f o r t s  
have been d i r e c t e d  toward t h e  concepts involved,  r a t h e r  t h a n  on f i r m  spec i -  
f i c a t i o n s .  
r e a c t o r  concept of about two megawatts thermal  power ( r e f .  35). Such a 
r e a c t o r  might f i n d  use  i n  a l a r g e  manned o r b i t i n g  s t a t i o n ,  a manned luna r  
s t a t i o n ,  o r  poss ib ly  even f o r  e l e c t r i c  propuls ion.  
Our main e f f o r t  has  been concent ra ted  on a fas t - spec t rum 
The m a t e r i a l s  requirements f o r  such a r e a c t o r  a r e  very s t r i n g e n t .  
Reing a h e a t  source ,  high temperatures  (3.8500C o r  156O0F) a r e  d e s i r a b l e  
t o  o b t a i n  good thermal  e f f i c i e n c y .  A l so ,  a h ighe r  r a d i a t o r  temperature  
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is d e s i r a b l e  because r a d i a t o r s  can r e j ec t  h e a t  approximately a s  t h e  f o u r t h  
Melting Poin t  
Uranium Density , GM/CC 
power of temperature.  Long l i fe t imes--of  t h e  o rde r  of 50,000 hours--are 
des i r ed .  Liquid metals  a r e  l i k e l y  cand ida te s  a s  h e a t  t r a n s f e r  f l u i d s ,  
b u t  t h e i r  m e t a l l u r g i c a l  i n t e r a c t i o n  with t h e  containment m a t e r i a l s  must 
be minimized. The s t r u c t u r a l  m e t a l s  must be r e s i s t a n t  t o  deformation o r  
d e t e r i o r a t i o n  r e s u l t i n g  both from l o a d s  and from r a d i a t i o n .  Seve ra l  
p o t e n t i a l  c o m p a t i b i l i t y  problems must be so lved .  
The evolu t ion  of t h e  design and s e l e c t i o n  of m a t e r i a l s  f o r  t h e  
r e a c t o r  concept now be ing  pursued a t  our Laboratory followed a l o g i c a l  
pa th ,  s t a r t i n g  with t h e  choice of a l i q u i d  metal .  A s  shown i n  F igure  
37, only l i t h i u m  develops moderate p re s su res  i n  t h e  vapor s t a t e  a t  t h e  
d e s i r e d  temperatures  i n  t h e  range above 1000°C (183OOF). 
o t h e r  m e t a l s  such a s  sodium and potassium a r e  no t  completely excluded, 
t h e y  would involve h ighe r  p re s su re  systems with a t t e n d a n t  containment 
problems resu l t ing  from t h e  high s t r e s s e s .  
Although 
S e l e c t i o n  of a nuc lear  f u e l  
uc -UN 
2 8 7 O O C  284OoC 240OoC 
(52OOOF) (515OOF) 435OoF 
9.7 13 .5  13'. 0 
-uo -
is ,  i n  p a r t ,  based on c o m p a t i b i l i t y  problems with l i t h ium.  A s  seen i n  
Table V I ,  uranium n i t r i d e  best  s u i t s  t h i s  purpose. I n  a d d i t i o n ,  it has  
a high melting p o i n t ,  high thermal  conduc t iv i ty  
Thermal Conductivity,  CAL/CM/DEG-SEC 
F i s s i o n  Gas Release 
0.01 0 .06  0.04 
High Low Low 
- -- - - - -- I Compatibi l i ty  With Lithium I Poor I Very 1 Good 1 
Good 
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(which minimizes ho t  s p o t s ) ,  a h i g h  d e n s i t y  of uranium, and a low f i s s i o n  
gas  r e l e a s e  r a t e .  Thus, our r e sea rch  has  concent ra ted  on UN a s  a nuc lea r  
f u e l .  
Next we must make t h e  choice of a f u e l  containment metal .  I n  d i s -  
cuss ing  t h i s  choice,  it is again poss ib l e  t o  make r e fe rence  t o  our 
technology t r a n s p o r t  p r i n c i p l e .  A s  we s e e  i n  Table V I I ,  t h e  b e s t  a l l o y s  
Compatibi l i ty  with Lithium 
Compatibi l i ty  wi th  UN 
Creep St rength  
F a b r i c a b i l i t y  and D u c t i l i t y  
TABLE V I 1  - SELECTION OF CLADDING FOR FUEL PIN 
Cb, Ta ,  Mo, W 
Mo, W (use Ta wi th  W 
l i n e r )  
Ta, W 
Cb, Ta 
Commercial A v a i l a b i l i t y  Cb, Ta, Mo 
t h a t  present  themselves f o r  poss ib le  a p p l i c a t i o n  he re  a r e  those  in -  
vo lv ing  t h e  r e f r a c t o r y  metals  columbium, tantalum, molybdenum, and tungs ten .  
Although much research  on t h e s e  a l l o y s  was spur red  by t h e  a p p l i c a t i o n  
involved he re ,  we a l ready  were h e i r s  t o  f r u i t s  of massive investments i n  
research  on r e f r a c t o r y  metal  a l l o y s  f o r  a p p l i c a t i o n s  t h a t  preceded t h i s  
one. Among t h e  i i rs t  was  t h e  Dyna-soar program, an a e r o n a u t i c a l  v e h i c l e ,  
which was t o  f l y  p a r t l y  i n  space and p a r t l y  i n  t h e  atmosphere. High re -  
e n t r y  temperatures  spur red  ex tens ive  n a t i o n a l  programs i n  r e f r a c t o r y  a l l o y  
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development. L a t e r ,  a s  we became i n t e r e s t e d  i n  l i q u i d  metal  r e a c t o r  
systems, we learned  of t h e  e x c e l l e n t  c o m p a t i b i l i t y  between l i q u i d  
metals  and c e r t a i n  r e f r a c t o r y  metal  a l loys,which is a r equ i r ed  property 
t o g e t h e r  wi th  good high temperature  creep s t r e n g t h .  Therefore ,  f o r  t h e  
1000°C (1830'F) range involved i n  t h e  r e a c t o r  t h a t  I am d i scuss ing ,  
we n a t u r a l l y  looked t o  t h e  r e f r a c t o r y  metals .  The s t a t e  of development 
of t h e s e  a l l o y s  is f a r  more advanced a s  a r e s u l t  of spurs  a r i s i n g  out  
o f , e a r l i e r  p o t e n t i a l  a p p l i c a t i o n s ,  some of which never reached f r u i t i o n .  
Never the less ,  t h e  value of  t h a t  m a t e r i a l s  research  was  conserved. 
Returning now t o  Table V I I ,  we s e e  t h a t  t h e  tantalum a l l o y s  o f f e r  
t h e  b e s t  promise when a l l  f a c t o r s  involv ing  compa t ib i l i t y  wi th  l i t h i u m ,  
c reep  s t r e n g t h ,  f a b r i c a b i l i t y  and d u c t i l i t y ,  and commercial a v a i l a -  
b i l i t y  a r e  considered.  Their  only disadvantage is incompa t ib i l i t y  wi th  
the-uranium n i t r i d e  f u e l .  Tungsten, which is compatible wi th  uranium 
n i t r i d e ,  can be used a s  a l i n e r  t o  prevent con tac t  of t h e  f u e l  wi th  t h e  
tantalum containment. Our choice of a tantalum a l l o y  w a s  T-111 which 
has  t h e  b a s i c  composition Ta-8W-2Hf. Although o r i g i n a l l y  developed under 
Navy sponsorship , w e  have provided cons iderable  funding  f o r  bo th  the 
development o f  t h i s  a l l o y  and the determinat ion of i t s  p r o p e r t i e s .  
A schematdc diagram of t h e  f u e l  element a s  it has been developed a t  
our Laboratory (under t h e  l e a d e r s h i p  of N. T. Saunders, R. E. Gluyas, and 
t h e i r  coworkers) is shown i n  Figure 38.  
T-111 a s  t h e  con ta ine r  (cladding) m a t e r i a l ,  and a tungs t en  1ineP t o  
s e p a r a t e  t h e  UN from t h e  T-111. 
It c o n s i s t s  of UN a s  t h e  f u e l ,  
Summaries of our technology program 
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and cur ren t  r e s u l t s  are given i n  Tables  V I 1 1  and I X ,  r e s p e c t i v e l y .  I 
s h a l l  n o t  d i s c u s s  these t a b l e s  a t  l eng th ;  f o r  a d e t a i l e d  d e s c r i p t i o n ,  
reference may be made t o  a r e c e n t  r e p o r t  (ref. 36). 
Some o f  the research w i t h  the f u e l  elements is done wi th in  ou r  own 
Laboratory,  some a t  a near-by NASA materials t e s t  r e a c t o r  (a t  Plum Brook 
n e a r  Sandusky, Ohio), and some under c o n t r a c t ,  For example, General  
E lec t r i c  has been conduct ing a pumped-loop i n v e s t i g a t i o n  f o r  us ,  as shown 
i n , F i g u r e  39, I n  a d d i t i o n  t o  the f u e l  element components a s  d i scussed  
above, the pumped-loop con ta ins  some TZM (a molybdenum a l l o y  con ta in ing  
t i t an ium and zirconium) because the a l l o y  i s  used f o r  c e r t a i n  s t r u c t u r a l  
p a r t s  of the r e a c t o r  (e.g., the r e f l e c t o r ) ,  The i n s e t  i n  F igure  39 
shows the appearance of the f u e l  elements a f t e r  7500 hours  o f  t e s t i n g .  
I t  shows no evidence o f  co r ros ion ,  and w e  are very  hear tened  by the 
r e s u l t s  ob ta ined  t o  date .  
TABLE V I 1 1  - MATERIALS TECHNOLOGY PROGRAM 
FOR NUCLEAR FUEL ELEMENT DEVELOPMENT 
F a b r i c a t i o n  Process  Development 
I, UN Fuel  Forms 
2, W-Liner i n  T-111 Tubing 
3 .  T-111 Components and Assembly o f  Fuel  P ins  
Out-Of-Pile Capsule and Pumped-Loop S t u d i e s  . I 1. U N A - 1 1 1  Compat ib i l i ty  
2. E f f e c t i v e n e s s  o f  W-Liner 
3. U N / L i t h i u m  Compat ib i l i ty  
4. Corrosion of T-111 by Lithium 
I r r a d i a t i o n  T e s t s  
I. Fuel  P ins  
Compat ib i l i ty  of  Materials 
F i s s i o n  Gas Release 
Swel l ing  
2. Ref rac tory  Metals 
Swe l l ing  
Effect on D u c t i l i t y  
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TABLE I X  - CURRENT RESULTS OF FUEL ELEMENT PROGRAM 
Fabr i ca t ion  o f  Fuel  P ins  
1. 
2. T-111 t u b i n g  i s  l i n e d  w i t h  tungs ten  by a d i f f e r e n t i a l  
3. Machining o f  T-111 components and f u e l  p i n  assembly 
UN f u e l  forms (of(300 ppm oxygen and f r ee  o f  de fec t s )  
can be r o u t i n e l y  prepared.  
thermal expansion method. 
and welding p r e s e n t  no s e r i o u s  problems. 
Out-0f-Pi le  Compat ib i l i ty  S t u d i e s  
1. UN and T-111, n o t  compatible i n  d i r e c t  con tac t  a t  104OOC 
(19OOOF). No r e a c t i o n  i f  s e p a r a t e d  by 0.013cm (0.005 in.) 
t h i c k  tungsten.  
2. UN w i t h  <:iOOppm oxygen i s  compatible w i t h  l i t h i u m  a t  
1 0 4 O O C  (1900°F). 
3. No contamination o r  co r ros ion  of  s imula ted  f u e l  specimens 
a f t e r  75 hours  a t  104OoC (1900OF) i n  a pumped-lithium 
loop 0 
I r r a d i a t i o n  T e s t s  
1. Most t e s t s  are  underway b u t  n o t  complete. 
2 .  So f a r ,  f i s s i o n  gas release appears  t o  be low: less  
than  1% a f t e r  1 A/O burnup i n  1500 hours  a t  about  l O O O O C  
(183OOF). 
3. No i r r ad ia t ion - induced  c o m p a t i b i l i t y  problems apparent .  
4. Greatest unknown is e f f ec t  of fas t  neutron i r r a d i a t i o n  
on T - I l l .  
LIFE PREDICTION PROBLEMS 
H i g h  temperature  l i f e  p r e d i c t i o n  problems a r i s e  i n  a l l  of  the app l i -  
c a t i o n s  I have p rev ious ly  d iscussed ,  s o  it i s  appropr i a t e  tha t  the sub- 
j e c t  be t r e a t e d  as a s e p a r a t e  e n t i t y ,  rather than  i n  the con tex t  of any 
one of them. Because o f  the s p e c i a l  pe r sona l  i n t e r e s t  I have maintained 
i n  t h i s  area o f  research, I a m  tempted t o  d.iscuss the s u b j e c t  a t  l e n g t h ;  
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however, because o f  the t i m e  l i m i t a t i o n s  I am fo rced  t o  keep my remarks 
b r i e f ,  and l i m i t e d  t o  new r e s u l t s  der ived  i n  the very r e c e n t  pas t .  
Thus I w i l l  comment only on t h r e e  new developments: 
temperature  parameter be ing  s t u d i e d  f o r  c o r r e l a t i o n  and e x t r a p o l a t i o n  
o f  creep-rupture  d a t a ,  b) high gas-veloci ty  e f f e c t s  on creep-rupture ,  
and c) a new approach w e  a r e  s tudy ing  f o r  t r e a t i n g  c reep- fa t igue  
i n t e r a c t i o n .  
a) a new time- 
Time-Temperature Parameters 
Time-temperature parameters  a r e  commonly used f o r  the c o r r e l a t i o n  
and e x t r a p o l a t i o n  o f  c reep  and creep rup tu re  da ta .  
used, among t h e  most common be ing  t h o s e  of Larson-Miller (ref. 37)  i n  
the form (T + 460) (C + l o g  t) , Manson-Haferd (ref. 38) i n  the form 
log 
Many parameters  a r e  
C - log ta , and Orr-Sherby-Dorn (ref. 39) i n  t h e  form log t + 
+ 460. T - T a  
Other parameters  a r e  summarized and d iscussed  i n  r e fe rences  40 and 41. 
While many i n v e s t i g a t i o n s  have been conducted t o  determine the r e l a t i v e  
merits of the va r ious  parameters ,  the ques t ion  i s  s t i l l  n o t  completely 
resolved. Some i n v e s t i g a t o r s  have maintained that  no parameter is s u i t a b l e  
f o r  the e x t r a p o l a t i o n  o f  some m a t e r i a l s ,  no tab ly  those  t h a t  e x h i b i t  s t r u c -  
t u r a l  i n s t a b i l i t i e s .  Glen ( r e f .  42) has c i t e d  s i l i c o n - k i l l e d  carbon 
s t e e l  as an example o f  such a m a t e r i a l ,  and Goldhoff and Hahn (ref. 43) 
have c i t e d  t h e  nickel-base a l l o y  Astroloy as another  example. 
I n  o r d e r  t o  circumvent t h e  problem of  which form t o  use  i n  represent -  
i n g  the time-temperature r e l a t i o n  w e  have r e c e n t l y  ( r e f s .  40 and 44) 
suggested a parameter i n  very gene ra l  form 
l o g  t + AP l o g  t + P 
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where A i s  a material cons t an t ,  and P i s  a func t ion  of  temperature.  
I t  i s  shown i n  ref .  44 tha t  by s imple a l g e b r a i c  manipulat ion any one 
of  the commonly used t ime-temperature parameters  can be expressed as 
a s p e c i a l  case of  th is  parameter  by the p rope r  choice of  A and P. Thus 
it i s  n o t  necessary  t o  commit ou r se lves  i n  advance a s t o & i & o f t h e  commonly 
used parameters  i s  the most su i tab le ;  u se  of  the new parameter  essen- 
t i a l l y  embraces them a l l ,  and the b e s t  one w i l l  emerge when the p rope r  
va lues  of  A and P are  e s t a b l i s h e d .  
s p e c i a l  choices  of  A and P the new parameter  l e n d s  i t s e l f  t o  forms n o t  
equ iva len t  t o  any of  the common parameters.  Therefore ,  material behavior  
n o t  p r e d i c t a b l e  by the common parameters  m i g h t - s t i l l  be  exp la inab le  on 
Even more important  i s  that  by 
the b a s i s  of  the new parameter.  
The problem, o f  course ,  is t o  determine the values of  the cons t an t  
A and the temperature  func t ion  P. 
i s  d iscussed ,  u s i n g  i n  the a n a l y s i s  l ea s t - squa res  procedures  and " s t a t ion -  
func t ion"  concepts  which reduce the need f o r  pre- judging  the a n a l y t i c a l  
I n  r e f e r e n c e s  40 and 44 t h i s  ques t ion  
form of  the f u n c t i o n s  involved. We are s t i l l  working on th i s  problem, 
seek ing  s imple  and o b j e c t i v e  procedures .  A t  th is  t i m e  I cannot p r e s e n t  
any f i n a l  conclusions.  I t  does appear ,  however, tha t  it is  n o t  always 
p o s s i b l e  t o  f i n d  the b e s t  cons t an t s  and func t ions  by cons ide ra t ions  o f  
l ea s t - squa res  procedures  u s i n g  on ly  d a t a  i n  the s h o r t  t i m e  range. 
may be necessary  t o  inc lude  i n  the a n a l y s i s  some m e t a l l u r g i c a l  informa- 
t i o n  r e l a t i n g  t o  the long-time s t a b i l i t y  of the material. Perhaps t h i s  
can be achieved by r e l a t i n g  the cons t an t  A t o  material  s t a b i l i t y ,  and 
e x t a b l i s h i n g  the func t ion  P on the b a s i s  of  on ly  l ea s t - squa res  techniques.  
I t  
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The important  f ac t  we have l e a r n e d  r e c e n t l y  a f t e r  s tudy ing  a g r e a t  
many materials f o r  which long-time d a t a  a r e  a v a i l a b l e  i s  that  i n  a l l  
cases there ex is t s  a cons tan t  A and temperature func t ion  P f o r  which 
short- t ime d a t a  could be e x t r a p o l a t e d  t o  long  t i m e  behavior.  Fig. 40 
shows t h e  r e s u l t s  f o r  Glen 's  carbon s t ee l  and Goldhoff and Hahn's 
Astroloy. I n  each case  t h e  va lue  o f  A i s  -0.16. Shor t  t ime d a t a  were 
used, as shown i n  t h e  f i g u r e ,  t o  e x t r a p o l a t e  l o n g  t i m e  behavior ,  The 
r e s u l t s  a r e  good based on t h e  new parameter ,  whereas convent ional  para- 
meters were no t  s a t i s f a c t o r y ,  accord ing  t o  Glen, and Goldhoff and Hahn. 
Perhaps the new parameter w i l l  be  u s e f u l  i n  the t rea tment  of  uns t ab le  
a s  w e l l  as s t a b l e  ma te r i a l s .  It remains a s  y e t  t o  e s t a b l i s h  t h e  b e s t  
procedures  f o r  determining the proper  va lues  of  A and P f o r  each 
m a t e r i a l  u s i n g  only information t h a t  can be obta ined  i n  a r e l a t i v e l y  
s h o r t  t i m e .  S i m p l i f i c a t i o n s  a r e  a l s o  be ing  sought. Hopefully w e  shall  
be a b l e  t o  r e p o r t  r e s u l t s  i n  t h e  nea r  fu tu re .  I n  connection w i t h  t h i s  
work I w i s h ,  e s p e c i a l l y ,  t o  acknowledge the d i l i g e n t  and a b l e  a s s i s t a n c e  
of C, R, Ensign. 
Gas Impingement E f f e c t s  on Creep Rupture L i f e  
Most creep r u p t u r e  d a t a  a r e  generated i n  a s t a t i c  hea ted  a i r  environ- 
ment. Y e t  a p p l i c a t i o n  of some of these d a t a  involve  high v e l o c i t y  gas 
flows. It  i s  known tha t  the su r face  in f luences  s t r e n g t h  c h a r a c t e r i s t i c s  
s u b s t a n t i a l l y ,  e s p e c i a l l y  i f  there i s  an oxida t ion-cor ros ion  i n t e r a c t i o n  
w i t h  the f lowing  a i r .  
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D, A, Spera and his co-workers a t  our  l a b o r a t o r y  have i n  r e c e n t  
yeavs heen developing a method f o r  p r e d i c t i n g  the thermal  f a t i g u e  en- 
durance of  gas t u r b i n e  b l ades  (refs. 45 t o  49). With th i s  method, c y c l i c  
l i f e  is c a l c u l a t e d  from s t a t i c  t e n s i l e  and creep-rupture  data .  They 
recognize0 the p o s s i b i l i t y  t h a t  h igh-ve loc i ty  gas impingement could 
s u b s t a n t i a l l y  reduce creep r u p t u r e  strength, and so  have r e c e n t l y  under- 
taken an ex tens iye  s tudy  o f  th i s  phenomenon. F igure  41 shows their  
apparatusj. 
combustion gas  i s  e j e c t e d  through a nozz le  a t  v e l o c i t i e s  up t o  Mach 1, 
corresponding t o  v e l o c i t i e s  encountered i n  gas tu rb ines .  
A burner  is provided t o  burn j e t  engine f u e l  i n  a i r ,  and the 
Some of  t h e i p  r e s u l t s  t o  d a t e  a r e  shown i n  F igure  42. Here, as a 
func t ion  o f  temperature ,  are p l o t t e d  the r a t i o s  o f  creep-rupture  l i f e  
i n  a Mach 1 stream t o  creep-rupture  l i f e  i n  a s t a t i c  furnace  a t  the same 
stress and temperature ,  I t  can be seen t h a t  a t  temperatures  above 871*C 
(161$OoF), t h e  l o s s  of  creep r u p t u r e  l i f e  can be very  s u b s t a n t i a l ,  
about  982OC (180OoF), t h e  l i f e  i s  reduced by a f a c t o r  o f  1 0 ,  and a t  about 
1 0 6 6 O C  (195OoF), it i s  reduced by a f a c t o r  o f  20. The d a t a  a r e  f o r  two 
n i c k e l  base a l loys :  
a coat ing.  For  t h e  coated m a t e r i a l  the reduct ion  i s  even g r e a t e r  than  
f o r  t h e  uncoated ma te r i a l .  The d r a s t i c  reduct ion  i n  creep r u p t u r e  l i f e  
observed h e r e  commands a re -eva lua t ion  o f  t h e  d i r e c t  a p p l i c a b i l i t y  of  
furnace  t e s t  d a t a  t o  h igh  temperature ,  h i& v e l o c i t y  s e r v i c e  a p p l i c a t i o n .  
S i m i l a r  r e s u l t s  have r e c e n t l y  been obta ined  i n  Russ ia  us ing  co ld  a i r  i m -  
pingement on specimens hea ted  by e l e c t r i c a l  s e l f - r e s i s t a n c e  (refs. 50 and 
51.) 
A t  
B-1900 w i t h  an aluminide coating, and IN-100 wi thout  
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Creep - Fat igue  I n t e r a c t i o n  
I s h a l l  conclude my l e c t u r e  w i t h  a f e w  remarks on r e c e n t  r e sea rch  
w e  have conducted on c reep- fa t igue  i n t e r a c t i o n  a t  h igh  temperature.  I t  is 
p a r t i c u l a r l y  appropr i a t e  tha t  I comment on t h i s  s u b j e c t  a t  t h i s  t i m e ,  
o f  course,  is the fact  that  it is  a very s i p i f i c a n t  s u b j e c t ,  c l o s e l y  per-  
t a i n i n g  t o  t h e  theme of  th i s  conference and t o  the one on Thermal Fa t igue  
wh$ch fo l lows  it. Second, i s  t h a t  w e  have r e c e n t l y  undertaken a new 
ap,proach, and I a m  p l eased  t o  be a b l e  t o  r e p o r t  some r e s u l t s .  And, t h i r d ,  
is a somewhat personal  mat te r .  It  w a s  about 8 yea r s  ago when I cha i red  
a s e s s i o n  a t  a conference on High Temperature S t r u c t u r e s  and Materials a t  
Columbia Un ive r s i ty  t h a t  I had t h e  p l e a s u r e  of  first meeting and i n t r o -  
ducing P ro fes so r  S h u j i  Taira who, i n  h i s  paper  (ref. 52) ,  discussed  t h e  
idea  of  t r e a t i n g  c reep- fa t igue  i n t e r a c t i o n  by u s i n g  a genera l ized  l i n e a r  
damage r u l e  - cyc le  r a t i o s  t o  r e p r e s e n t  fatigue damage, and t i m e  r a t i o s  
t o  r e p r e s e n t  creep damage. Much good use  h a s  been made of  h i s  idea  i n  
t h e  l a s t  decade. 
l e c t u r e  a t  t h e  F i r s t  I n t e r n a t i o n a l  Conference on F rac tu re ,  a t  which time 
I first p resen ted  (ref. 53) the concept that  accounts  f o r  c reep- fa t igue  
i n t e r a c t i o n  cons ide r ing  i n t e r c r y s t a l l i n e  c racking  a s  a process  of  by- 
pas s ing  a l a r g e  p a r t  o f  the crack i n i t i a t i o n  phase and p a r t  o f  t h e  crack 
propagat ion phase. 1 termed the approach the "10-percent ru l e" ,  and it, 
too ,  has found cons iderable  a p p l i c a t i o n  i n  the in t e rven ing  years .  I 
should now l i k e  t o  d i s c u s s  b r i e f l y  ou r  new approach which is intended t o  
overcome some of the l i m i t a t i o n s  of o t h e r  methods of  a n a l y s i s  t h a t  have 
become apparent  as a r e s u l t  of  f u r t h e r  study. 
F i r s t ,  
S i x  yea r s  ago I v i s i t e d  Japan t o  p r e s e n t  a genera l  
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The " s t r a i n - p a r t i t i o n i n g  approach" a s  we c a l l  it ( re f .  54) , is  
based on t h e  d i s t i n c t i o n  between two forms of i n e l a s t i c  s t r a i n - - p l a s t i c  
s t r a i n  and creep s t r a i n .  P l a s t i c  s t r a i n  is governed p r i n c i p a l l y  by 
s l i p  and is concent ra ted  i n  t h e  s l i p  p l anes ;  creep is  p r i n c i p a l l y  d i f fus ion -  
c o n t r o l l e d  and a l a r g e  component of it may be concent ra ted  i n  t h e  gra in  
boundaries.  An important  f e a t u r e  of t h e  method i s  t o  draw a f u r t h e r  d i s -  
t i n c t i o n  between t h e  manner i n  which t e n s i l e  i n e l a s t i c  s t r a i n  is reversed  
by t h e  compressive i n e l a s t i c  s t r a i n  t o  e s t a b l i s h  a c losed  h y s t e r e s i s  loop. 
I n  some cases  t e n s i l e  p l a s t i c  flow is reve r sed  by compressive p l a s t i c  flow, 
o r  t e n s i l e  creep i s  reversed  by compressive creep. I n  o t h e r  cases ,  however, 
t e n s i l e  creep may be reversed  by compressive p l a s t i c  flow, o r  t e n s i l e  
p l a s t i c  flow may be r eve r sed  by compressive creep. 
Thus, t h e r e  a r e  fou r  b a s i c  s t r a i n  r e v e r s a l  p o s s i b i l i t i e s ,  each of  
which i s  designated according t o  a s u b s c r i p t  system i n  which the first 
l e t t e r  des igna te s  t h e  type  of  t e n s i l e  s t r a i n ,  and t h e  second t h e  type  of 
compressive s t r a i n  ( c  f o r  c reep ,  and p f o r  p l a s t i c  flow).  These f o u r  are: 
A E p p  - t e n s i l e  p l a s t i c  flow reve r sed  by compressive p l a s t i c  flow 
A E  cc - t e n s i l e  creep reversed  by compressive creep 
AFpc - t e n s i l e  p l a s t i c  flow reve r sed  by compressive creep 
A5.p - t e n s i l e  creep reversed  by compressive p l a s t i c  flow 
# 
I n  t h i s  bk ief  o u t l i n e  it is n o t  poss ib , le  t o ' d e s c r i b e  i n  d e t a i l  t h e  
type  of  t e s t s  r equ i r ed  t o  e s t a b l i s h  how each of the above a f f e c t s  c y c l i c  
l i f e ;  a complete d e s c r i p t i o n  may be found i n  t h e  r e c e n t  paper  co-authored 
by myself ,  G. R. Halford,  and M. H. Hirschberg ( r e f .  54)" It is s u f f i c i e n t  
t o  p o i n t  o u t  t h a t ,  f o r  a given app l i ed  i n e l a s t i c  s t r a i n  t h e  c y c l i c  l i f e  
can vary apprec iab ly  depending on which of  t h e  above fou r  types  of  s t r a i n  
predominates. F igure  43 shows t h e  p a r t i t i o n e d  s t r a i n  range- l i f  e 
r e l a t i o n s  f o r  
that  f o r  th i s  
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Type 316 s t a i n l e s s  s t ee l  a t  7 0 5 O C  (13OOOF). It  is  seen 
material the most damaging type  of  s t r a i n  is b& cp, wherein 
creep i n  t ens ion  is  reve r sed  by compressive p l a s t i c  flow. The l i f e  f o r  
a given amount of  s t r a i n  range o f  t h i s  type  i s  less  than 1/10 o f  the 
l i f e  achieved when the same s t r a i n  range i s  a p p l i e d  asAEpc,  wherein 
the creep i s  i n  compression and p l a s t i c  flow is  i n  tens ion .  
F igu re  44 shows the p h y s i c a l  b a s i s  behind the d r a s t i c  d i f f e r e n c e s  i n  
l i f e  a s s o c i a t e d  w i t h  the two types  of  s t r a i n h E c p  and AE pc. 
ranges f o r  the two t e s t s . w e r e  about the same (&p w a s  even smaller a t  
1.47%, compared t o  the 1.62% f o r A E  pc) , y e t  the l i f e  f o r  A €  cp w a s  on ly  
15 cyc le s ,  while the l i f e  f o r A E p c  was 264 cyc les .  
ponent was creep  @ c p ) ,  the f a i l u r e  s u r f a c e  w a s  predominantly i n t e r -  
c r y s t a l l i n e ,  and the whole reg ion  i n  the v i c i n i t y  of  the f r a c t u r e  s e c t i o n  
showed i n t e r c r y s t a l l i n e  cracking.  When the t e n s i l e  component was p l a s t i c  
flow (Mpc) , no i n t e r c r y s t a l l j n e  c rack ing  w a s  apparent ,  and the f a i l u r e  
area resembled tha t  of  specimens t e s t e d  i n  convent ional  h i g h - s t r a i n ,  low- 
cyc le  f a t i g u e .  
The s t r a i n  
When the t e n s i l e  com- 
Having recognized tha t  l i f e  is a f f e c t e d  by the type  of  s t r a i n  and 
manner of reversal ,  the " s t r a i n - p a r t i t i o n i n g "  method seeks t o  p a r t i t i o n  
an imposed s t r a i n  range i n t o  the f o u r  p o s s i b l e  components descr ibed  
above. Each s t r a i n  component i s  a s s o c i a t e d  w i t h  a given l i f e ,  accord ing  
t o  curves  such as shown i n  f i g u r e  43. Thus, i n  one cyc le  of l oad ing ,  the 
damage produced by each s t r a i n  component can be taken  as the r e c i p r o c a l  
of  the l i f e  determined from the curve. The t o t a l  damage p e r  c y c l e  i s  
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taken a s  the l i n e a r  sum of  t h e  damage due t o  each component s t r a i n  range, 
and t h e  n e t  l i f e  i s  determined from a l i n e a r  damage r u l e .  
summarizes how w e l l  the procedure works f o r  Type 316 s t a i n l e s s  steel .  
P l o t t e d  a r e  experimental  l i v e s  f o r  each o f  a v a r i e t y  of l a b o r a t o r y  tests, 
ve r sus  t h e  l i f e  p r e d i c t e d  from t h e  r e l a t i o n s  o f  f i g u r e  43. The agree- 
ment i s  extremely good, be ing  wi th in  a f a c t o r  of  two on l i f e .  
F igure  45 
The s t r a i n - p a r t i t i o n i n g  method o u t l i n e d  above has only r e c e n t l y  
been in t roduced  by u s ,  and al though w e  are e n t h u s i a s t i c  about i t s  poss i -  
b i l i t i e s ,  w e  f e e l  that  w e  must s tudy  t h e  method f u r t h e r  t o  determine i t s  
s t r e n g t h s  and weaknesses. I t  is  a "new d i r e c t i o n " ,  bu t  how far it w i l l  
t a k e  u s  must y e t  be e s t a b l i s h e d ,  
hor izon ,  however, For example, it may be p o s s i b l e  t o  e s t ima te  the l i n e s  
such a s  shown i n  f i g u r e  43 from simple creep-rupture  and t e n s i l e  t e s t s  
i n  somewhat t h e  same manner as w e  e s t ima te  t h e  e l a s t i c  and p l a s t i c  l i n e s  
i n  room-temperature fatigue when apply ing  ou r  "universa l - s lopes  method" 
(ref. 27). We recognize that even a f te r  t h e s e  l i n e s  a r e  e s t a b l i s h e d ,  
t h e i r  use  may be complicated,  i n  p r a c t i c a l  cases ,  by t h e  d i f f i c u l t y  o f  
determining t h e  t o t a l  i n e l a s t i c  s t r a i n  and t h e  f o u r  p a r t i t i o n e d  compo- 
nents .  The a n a l y s i s  r equ i r ed  f o r  an accu ra t e  p a r t i t i o n i n g  may indeed 
involve  complex computations. But t h e  method has t h e  advantage of 
sugges t ing  bounds on l i f e ,  u s ing  a s  extremes the most o p t i m i s t i c  and 
most p e s s i m i s t i c  o f  t h e  l i n e s  i n  the l i f e  r e l a t i o n s  shown i n  f i g u r e  43. 
I n  fac t ,  i n  r e f e r e n c e  54 we have at tempted t o  provide  an explana t ion  of 
why our  "10-percent r u l e "  has  worked so  w e l l  i n  so many cases ,  u s i n g  as 
Many o p p o r t u n i t i e s  appear on t h e  
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a b a s i s  the "bound" concept r e f e r r e d  t o  above. Thus, even i f  no a c c u r a t e  
a n a l y s i s  i s  p o s s i b l e ,  a good estimate may be made by the method. 
A t h i r d  advantage t h a t  the method may o f f e r  i s  t h a t  it may reduce 
t h e  amount of d a t a  and a n a l y s i s  r e q u i r e d  when the a p p l i c a t i o n  involves  
non-uniform temperatures .  I t  is q u i t e  p o s s i b l e  t h a t  the l i f e  r e l a t i o n s ,  
such as shown i n  f i g u r e  43, a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature.  
The apparent  t empera tu re - sens i t i v i ty  o f  f a t i g u e  may, i n  f a c t ,  be due t o  
d i f f e r e n t  p a r t i t i o n i n g  o f  an imposed s t r a i n ,  dependent on t h e  tempera- 
t u r e  and o t h e r  t e s t  parameters.  Thus, a given s t r a i n  imposed a t  a low 
temperature  may be absorbed mainly a s M  pp , whereas a t  a higher tempera- 
t u r e  more o f  it w i l l  becomeAEcc. 
i n d i v i d u a l  components A€ pp and Af cc as w e l l  as f o r  A€ cp and AE p c  
may no t  be very s e n s i t i v e  t o  temperature.  That t h i s  may, indeed, be the 
case i s  r e f l e c t e d  i n  f i g u r e  46. Here the l i f e  r e l a t i o n s h i p s  f o r  two 
m a t e r i a l s -  Type 316 s t a i n l e s s  s t ee l  and 2 l/LCCr-lMo s t e e l -  were de t e r -  
mined from l i f e  d a t a  a t  one temperature ,  and demonstrated t o  be v a l i d  a t  
o t h e r  temperatures  a s  w e l l .  For the Type 316 s ta in less  s t e e l ,  t h e  l i n e s  
f o r  705OC (13OOOF) shown i n  f i g u r e  43 were used. Cycl ic  l i v e s  were then 
p r e d i c t e d  f o r  va r ious  types  of tes ts  run a t  595OC (llOO°F), 6 5 0 O C  (12OOOF) 
and 815OC (15OO0F). The l i f e  r e l a t i o n s h i p s  f o r  t h e  2 l/QCr-lMo s t e e l  were 
determined a t  595OC (llOO°F) and c y c l i c  l i v e s  were p r e d i c t e d  f o r  tes ts  
conducted a t  51OOC (950OF) , 565OC (1O5O0F), and 650°C (1200'F). A s  seen 
i n  the p l o t ,  t h e  p r e d i c t i o n s  were accu ra t e  t o  wi th in  a f a c t o r  o f  2 i n  
n e a r l y  a l l  cases.  
However, the l i f e  r e l a t i o n s  f o r  t h e  
Imagine how much a d d i t i o n a l  d a t a  would have been r e q u i r e d  
54 
t o  p r e d i c t  the f a t i g u e  l i v e s  i f  the basis of computation were l i f e  
f r a c t i o n s  based on t i m e  a t  stress rather t h a n  on p a r t i t i o n e d  s t r a i n  
range! The i m p l i c a t i o n s  r ega rd ing  p o s s i b l e  s i m p l i f i c a t i o n s  i n  thermal 
f a t i g u e  a n a l y s i s ,  wherein cont inuous changes i n  stress and temperature  
occur ,  are se l f - ev iden t .  
CONCLUDING REMARKS 
Gentlemen, I have t r i e d  t o  o u t l i n e  some new d i r e c t i o n s  which w e  a r e  
pu r su ing  a t  our Laboratory t o  so lve  important  materials problems l i m i t e d  
by s t r i n g e n t  requirements .  I have n o t  t r i e d  t o  be a l l - i n c l u s i v e  because 
of  t i m e  l i m i t a t i o n s .  Even the sampling used shows, however, tha t  materials 
impose severe r e s t r i c t i o n s  on how w e  can s o l v e  many t echno log ica l  problems 
tha t  face us. I have emphasized the need f o r  Conferences such as this one 
as a means o f  communication o f  new i d e a s ,  new d a t a ,  and new i n t e r p r e t a -  
t i o n s  tha t  can h e l p  s o l v e  these problems. I have a l s o  t r i e d  t o  emphasize 
t ha t  good research, fol lowed by good r e p o r t i n g ,  w i l l  prove va luab le  - 
whether i n  the a p p l i c a t i o n  in tended  when the research was done, or i n  
some o t h e r  connect ion;  the va lue  of  the research w i l l  be conserved. 
know you are a l l  anxious t o  r e p o r t  your own new f i n d i n g s  and t o  hear from 
o t h e r s  who w i s h  t o  communicate theirs.  
these goals:  
I 
Good luck  t o  you i n  ach iev ing  
55 
ACKNOWLEDGMENT 
I w i s h  g r a t e € u l l y  t o  acknowledge the suppor t  o f  the 
NASA-Lewis Research Center  i n  a r r a n g i n g  f o r  my p a r t i c i p a t i o n  
i n  t h i s  Conference, t o  my s t a f f  o f  the Materials and S t r u c t u r e s  
I D iv is ion  whose research provided the major con ten t  o f  t h i s  
l e c t u r e ,  and t o  v a r i o u s  staff  members, e s p e c i a l l y  John C. Freche 
who provided i n v a l u a b l e  a s s i s t a n c e  i n  the p repa ra t ion  of  the 
r e p o r t .  
56 
REFERENCES 
(1) Gordon, W. A. and Chapman, G. B., Spectrochem. Acta, - 25B, 123 (1970). 
(2) Oldr ieve,  R. E. and Saunders,  N. T., Aerospace S t r u c t u r a l  Materials, 
NASA SP-227, 317 (1970) . 
(3) Oldrieve,  R. E. and Blankenship,  C. P., Proposed NASA TN. 
(4.) Jones,  J. I., Macromolec. Sci . ,  C2, 303 (1968). 
(5) Hanson, M. P. and S e r a f i n i ,  T. T., Proposed NASA TN. 
(6) S e r a f i n i ,  T. T., Delvigs, P. and Lightsey ,  G. R., NASA TM X-67803, 
(1971) . 
(7) Waters, W. J. and Freche, J. C , ,  J. Eng. Power, 90, 1-10 (1968). 
(8) Freche, J. C., Waters, W. J., and Ashbrook, R. L., NASA TN D-5248, 
(1969) . 
(9) Freche, J. C., Ashbrook, R. L. and Waters, W. J., Proposed NASA TN. 
(10) Waters, W. J. and Freche, J. C., NASA TN D-5352, (1969). 
(11) Schafey, R. J., Quat ine tz ,  M. and Weeton, J. W., NASA TN D-1167, 
(1960) . 
(12) Norr i s ,  L. F., Reinhardt ,  G .  and Cremens, W, S, ,  NASA TN D-3834, 
(1967). 
(13) Weeton, J,  W. and Quat ine tz ,  M., NASA TM X-52228, (1966) . Also 
O x i d e  Dispersion Strengthening,  Gordon and Breach, Science 
Pub l i she r s ,  Inc. ,  New York, 751 (1968) . 
(14) Quat ine tz ,  M, and Weeton, J. W., NASA TN D-5421, (1969). 
(15) Jech, R, W., McDanels, D. L. and Weeton, J. W., Proceedings of the  
S i x t h  Sagamore Ordnance Materials and Research Conference, Rep. MET 
661-601, Syracuse Univ. Res .  I n s t . ,  116 (1959). 
(16) Pe t rasek ,  D. W. and Weeton, J. W., NASA TN D-1568, (1963). 
(17) Pe t rasek ,  D. W., NASA TN D-3073, (1965) . 
(18) Pe t rasek ,  D, W., S i g n o r e l l i ,  R. A. and Weeton, J. W., NASA TN D-4787, 
(1968). 
(19) Pe t rasek ,  D, W. and S i g n o r e l l i ,  R. A , ,  NASA TN D-5575, (1970). 
57 
(35) 
P robs t ,  H. B., Aerospace S t r u c t u r a l  Materials, NASA SP-227, 279 (1970). 
Deadmore, D. L., NASA TM X-2195, (1971) . 
Lowell, C. E. and Dre l l ,  I. L. ,  NASA TM X-2002, (1970). 
Lowell, C. E., Aerospace S t r u c t u r a l  Materials, NASA SP-227, 295 (1970). 
Lowell, C. E. and Sanders ,  W. A., NASA TN t o  be publ ished.  
Centa lanz i ,  F. J., NASA TM X-62015, (1971). 
Gedwill ,  M. A .  and Grisaffe, S. J., NASA TM X-52916, (1970) . 
Manson, S. S., Experimental  Mech. , 2, 193 (1965). 
Nach t iga l l ,  A. J., Proposed NASA TN. 
Srawley, J. E. and Brown, W. F., Jr., F r a c t u r e  Tou&ness T e s t i n g  and 
i t s  App l i ca t ions ,  Spec. Tech. Publ, No. 381, ASTM, 133 (1965). (Also 
a v a i l a b l e  as NASA TN D-2599 (1965)) 
Brown, W.-F., Jr. and Srawley, J. E.,  Plane S t r a i n  Crack TouRhness 
T e s t i n g  of H i g h  S t r e n g t h  Metallic Materials, Spec. Tech. Publ. No. 410, 
ASTM, (1967) . 
Orange, T. W., S u l l i v a n ,  T. L. and Calfo,  F, D., NASA TN D-6305, (1971). 
P i e r c e ,  W. S. , NASA TN D-6099, (1970). 
Cole, F. W., Padden, J. B. and Spencer,  A. R,, NASA CR-1184, (1968). 
Saunders,  N. T., Space Transpor t a t ion  System Technology Symposium, 
NASA TM X-52876, V O ~ .  111, 159 (1970) 
Krasner ,  M. H., Davison, H. W. and Diagui la ,  A. J., NASA TM X-67859, 
(1971). 
Gluyas, R. E. and L i e t z k e ,  A. F., NASA TM X-67869, (1971). 
Larson,  F. R. and Mil ler ,  J., Trans. ASME, - 74, 765 (1952). 
Manson? S. S. and Haferd,  A. M., NACA TN 2890, (1953). 
O r r ,  R. L., Sherby, 0. D. and Dorn, J. E., Trans.  ASM, 46, 113 (1954). 
Manson, S ,  S., Time-Temperature Parameters f o r  Creep-Rupture Analys is ,  
ASM Pub l i ca t ion  No. D8-100, 1 (1968) . 
58 
(43) 
Grounes, M., J. Basic Eng., 2, 59 (1969). 
Glen, J. and Johnson, R e  F., Some Aspects Concerning the Ex t rapo la t ion  
of Rupture Data, BISRA-The Inter-Group Labora to r i e s  of the Br i t i sh  
S t e e l  Corp., London, England. 
Goldhoff, R. M. and Hahn, G.  J. , Time-Temperature Parameters f o r  
Creep-Rupture Analys is ,  ASM Pub l i ca t ion  No. D8-100, 199 (1968). 
Manson, S. S. and Ensign, C. R., NASA TM X-52999, (1971). 
Spera,  D. A., PhD. Thesis, Univ. of  Wisconsin, (1968). 
Spera,  D. A , ,  NASA TN D-5317, (1969). 
Spera,  D. A., NASA TN D-5489, (1969). 
Spera,  D. A.,  Howes, M. A. H. and Bizon, P. T. ,  NASA TM X-52975, (1971). 
Spera,  D. A , ,  Calfo,  F. D. and Bizon, P. T., NASA TM X-67820, (1971). 
Sorokin,  V. G.,  Bogachev, I. N., Veksler, Yu. G. ,  Lesnikov, V. p. and. 
F i l i ppov ,  M, A , ,  Metalloved. Term. Obrab. Metal., No. 3,  2 (1970). 
Bogachev, I. N., Veksler, Yu. G. ,  and Sorokin,  V. G. ,  IZV. VYssh.  
UcheS. Zaved. Chern. Met., NO. 4, 142 (1970). 
Taira,  S,, H i g h  Temperature S t r u c t u r e s  and Materials, Pergarnon P res s ,  
New York, 187 (1964). 
Manson, S ,  S., I n t .  J. F r a c t u r e  Mech., 2, 327 (1966). 
Manson, S. S., Hal ford ,  G. R. and Hirschberg,  M. H., NASA TM X-67838, 
(1971) . 
(35-52354 
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Figure 1. - Schematic of experimental automotive thermal reactor. 
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Figure 2. - Performance of alloys and coatings in automotive 
thermal reactor endurance tests (engine-dynamometer test). 
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Figure 3. - Flexural strength of polymer-graphite composite 
exposed and tested in a i r  at elevated temperature. 
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Figure 4. - Effect of temperature on properties of polyimide- 
graphite fiber composite. 
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Figure 5. - Prealloyed powder processing. 
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Figure 6. - Improvements in tensile properties of 
TAZ-8A by prealloyed powder processing. 
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Figure 7. - Superplasticity in as-extruded TAZ-8A powder product. 
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Figure 8. - Formability of TAZ-8A prealloyed powder product. 
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Figure 9. - Comparison of VI-A alloy tensi le properties 
in cast and powder product form. 
Figure 10. - Strength of nickel base alloys at lBOo C (2m0 F). 
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Figure 11. -Two cast forms of WAZ-20. 
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Figure 13. -NASA Comminution and Blend process for dispersion 
strengthening. 
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Figure 14. - Comparison of structures of dispersion strengthened N i  - A I S 3  
materials made using NASCAB methods with those of materials made by 
sintering an uncleaned compact. 
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Figure 15. - Comparison of tensi le strength of NASA dis- 
persion strengthened Ni sheet wi th  other dispersion 
strengthened products at 1093' C ~2000° F). 
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strength of dispersion strengthened N i  and Ni alloy 
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Figure 17. - Cross sectional macrostructure of tungsten fiber reinforced 
copper composite. 
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Figure 18. - Reaction in composite materials. 
Figure 19. - Specific 100 hour  rupture strength of refractory 
allay fibers compared with a conventional superalloy at 
1093' C (xlOOo F). 
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Figure 20. - Demonstrated and potential values of specific 
creep-rupture strengths of refract0 metal fiber re in -  
forced superalloy composites at 1093 !? C (2000° F). 
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Figure 21. - Basis of corrosion barr ier  for nickel-base alloys. 
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Figure 22. - Effect of gas velocity on oxidation behavior at 2000' F. 
FURNACE - 
20-HR CYCLES 
TIME, HR CS-52677 
Figure 23. - Effect of thermal cycl ing on oxidation of alloy 
WI-52 at 1093 C (2000 F). 
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Figure 24. - Microstructures of TD-NiCr and TD-NiCrAIY after arC-jet exposure at 1204' C (2200 0, 
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Figure 25. - Effect of 0.125 mm cladding on oxidation resistance 
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Figure 26. - Comparison of space shutt le size with commercial aircraft. 
Figure 27. - Cryostat used for tensi le test ing and fatigue testing. 
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Figure 28. - Comparison of predicted and experimental fatigue 
behavior for  strain-cycled t i tanium-5 AI-2.5 Sn specimens 
in l iquid helium. 
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Figure 29. - Application of t h e  equation of universal 
slopes t o  cryogenic fatigue. 
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Figure 34. - Approximate temperature distr ibution for one concept of a space shutt le orbiter. 
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Figure 36. - Comparison of static and dynamic oxidation be- 
havior for TD-NiCr (Ni-20Cr-2Th02) sheet at lMoo C 
(2200° F). 
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Figure 38. - Space power reactor fuel pin. 
Figure 37. - Effect of temperature on vapor pressure of alkali 
metals. 
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Figure 39. - Pumped l i t h ium loop test, 1040' C (1900' F). 
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Figure 40. - Extrapolation by parameter log t + AP log t + P. 
Figure 41. - Apparatus for creep-rupture tests under  con- 
dit ions of high-velocity gas heating. 
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Figure 42. - Effect of gas velocity on creep rupture 
life. 
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Figure 43. - Partitioned strain range-life relations. 
Type 316 stainless steel, 705 C (1300° R. 
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Figure 44. - Photomicrographs of Type 316 stainless steel 
tested in creep-fatigue. Creep at 705 C (1300 FI, plastic 
flow at 315 C ~ M x )  R. Loading direction vertical. 
decp - 0.0147, N = 15. 
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Figure 45. - Summary of l i fe predictability by strain range partitioning. Type 316 stainless steel, 
705 C (1300 F). 
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Figure 46. - Applicabil ity of s t ra in  range part i t ioning approach 
t o  broad range of temperatures. 
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